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CHAPTER I 
INTRODUCTION 
An understanding of the mechanisms creating car-
diac dysrhythmias is of great importance, and views con-
cerning such mechanisms have been the subject of much 
investigation for well over 70 years. Owing to the dif-
ficulty in creating cardiac tachydysrhythmias and brady-
dysrhythmias in the experimental animal, conclusions 
concerning their origin have been largely speculative. 
Hoffman and Cranefield observed that the single most 
important cause of alterations in cardiac rate and rhythm 
is the action of autonomic mediators (95). Gillis (61), 
Harris (77), and Sugimoto (205), have correlated the in-
cidence of arrhythmias after coronary artery occlusion 
with activity of the sympathetic nervous system. They 
found that pharmacological block or surgical section-
ing of the sympathetic nerves greatly decreases the in-
cidence of arrhythmias after coronary artery ligation. 
Recently, Geesbreght (54) and Goldberg (64), recording 
1 
electrograrns from the sinus node and internodal pathways, 
have shown that stimulation of the stellate ganglia and 
individual cardiac nerves shifted the cardiac pacemaker 
to sites near the internodal pathways producing altered 
patterns of atrial excitation. 
Bradydysrhythmias induced by vagal stimulation 
have been limited mainly to decentralized cervical vagal 
stimulations and infusions of acetylcholine (83, 152, 
203). These approaches eliminate the reflex effects due 
to stimulation of afferent fibers and generate massive 
vagal efferent stimulation of the heart which is not con-
sistent with traditional teachings of discrete-parasympa-
thetic activation. With the recent reports of cardiac 
afferent impulses coursing in the small vagal nerves (9), 
it is important to study both the direct efferent as well 
as the reflex effects of stimulation of these small 
nerves. 
The purpose of this investigation is to: a) in-
duce cardiac tachydysrhythmias by stimulation of a dis-
crete autonomic cardiac nerve; b) analyze and charac-
terize with local cardiac electrograms, these neurally 
induced tachydysrhythmias; c) pharmacologically prevent 
these neurally induced tachydysrhythmias with neural 
blocking agents and antiarrhythmic drugs, administered 
2 
systemically and selectively via the A-V nodal artery; and 
d) analyze with local cardiac electrograms the direct and 
reflexly induced cardiac bradydysrhythmias generated by 
stimulation of the vagus nerves and their small cardiac 
branches. 
3 
CHAPTER II 
LITERATURE REVIEW 
The histological discovery of the sino-atrial (S-A) 
node was made by Keith and Flack in 1906 (122). They des-
cribed an area at the junction of the superior vena cava 
and right atrium which contained cells with large nuclei 
and muchcconnective tissue. Modern anatomical studies of 
the S-A node with electronmicroscopy by James (108) con-
firmed the initial studies of Keith and Flack. Further-
more James describes three types of cells within the S-A 
node: P cells which are pale and ovoid with few myofi-
brils and mitochondria; transitional cells which are 
larger and contain more myofibrils and mitochondria; and 
working myocardial cells. 
Utilizing pacing techniques, electrocardiogram 
analysis, and local electrogram initial negativity, Sir 
Thomas Lewis found the S-A node to be the normal cardiac 
pacemaker (135). Microelectrode studies by Trautwein 
and Uchinzono (213) have recorded pacemaker action 
4 
ntials from P cells thereby tentatively equating P pote 
cellS and pacemaker function in the S-A node. Hoffman and 
cranefield (91) define a pacemaker action potential as one 
demonstrating smooth transition from the prepotential di-
astolic depolarization of phase 4 to the rapid depolari-
zation of phase 0 • 
. With the anatomical and physiological description 
of the cardiac pacemaker in the S-A node under normal con-
ditions, investigations into impulse propagation from the 
s-A node to the atrioventricular (A-V) node were begun. 
In 1907, Wenckebach (236) and in 1909, Thorel (210) des-
cribed "specialized" muscle tracts from the S-A node to 
the A-V nodal area. In 1914, Sir Thomas Lewis proposed 
the concept of radial concentric spread of the impulse 
between the S-A and A-V nodes (137). He likened the ex-
citation wave in the right atrium to "the spread of a 
fluid poured upon a flat surface, its edge advances as 
an ever widening circle, until the whole surface is 
covered." However, in 1916, Eyster and Meek proposed 
asymmetric condition of the impulse from the S-A node 
along preferential pathways to the A-V node (SO). They 
found that surgical sectioning of the internodal tracts 
where they exit the S-A node in addition to other inci-
sions around the S-A node (but not completely isolating 
5 
it from the right atrium) induced coronary sinus rhythms 
( 49) • 
The existence of internodal pathways is supported 
by more recent anatomical evidence of James (106, 111)· 
and Meredith and Titus (149). In addition to the tracts 
described by Thorel and Wenckebach, James has described 
a third internodal pathway which courses from Bachmann's 
Bundle along the interatrial septum to the A-V node (105), 
107). James has termed these three internodal pathways 
·as ant-~rior (James') , middle (Wenckebach' s) and poster-
ior [Thorel's (115)]. The existence of internodal spe-
cialized pathways is denied by Lev (130), Copenhaver 
(30), and Truex (215) who demand more strict definitive 
anatomical evidence such as is provided by the Purkinje 
cells in the ventricles. 
However, recent functional evidence reconfirms 
Eyster and Meeks studies of the internodal tracts. 
Holsinger (99) transected the internodal pathways of 
James and observed lengthening of the P-R interval. 
Waldo (226, 227) likewise transected the internodal 
tracts and noted that with S-A nodal pacing, the morphol-
ogy of the P wave and P-R interval were changed. 
Horibe (100), Sano (182), and Wagner (225) have 
determined that the conduction velocity of the internodal 
6 
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ts exceeds atrial muscle conduction velocity. Further-trac 
oeMello (43) and Hogan (97) utilizing transmembrane 
more, 
t n tial recordings, have determined that the internodal ~e. 
are more resistant to hyperkalemia than atrial pathways 
muscle. In addition, Goldberg (64) has shown that pace-
maker activity may arise in or near the internodal tracts 
after s-A nodal excision. James has shown P cells in the 
internodal tracts (110) which may account for localized 
automaticity in or near them as observed by Goldberg. 
Thus, the precise mode of conduction of the car-
diac impulse from the S-A node to the A-V node has re-
mained controversial for 60 years but the general in-
crease of evidence favors the involvement of specialized 
internodal tracts. 
A~tivation of the left atrium was described as 
preferential through a specialized interatrial tract 
described by Bachmann in 1916 (10). More recently 
Scherlag (189) has described an inferior interatrial 
pathway located in the ligament of Marshall. However 
the functional and anatomical characteristics of this 
pathway are challenged by neural components in the liga-
ment of Marshall. Activation of these neural components 
could account for the inferior pathway evidence. Fur-
ther confirmation of this tract and evidence for its 
existence in the extrinsically denervated heart has not 
been forthcoming. 
The atrioventricular node was originally described 
in l906 by Tawara (207). Histologically the A-V nodal· 
cells are smaller than contractile muscle cells and they 
are densely interwoven (107, 187). Utilizing the elec-
tronmicroscope, James (110) has described 4 cell types 
in the A-V node: P cells (as in the S-A node but not 
as frequent), transitional cells, working myocardial 
cells and Purkinje-like cells. 
Scher (186), Van Capelle (19), and Durrer (46) 
utilizing multiple simultaneous extracellular electrodes, 
have determined the electrical conduction of the cardiac 
impulse through the A-V node. Conduction delay through 
the A-V node seems directly related to the characteris-
tics of the transmembrane potentials of the A-V nodal 
cells (89, 181). Hoffman has described decremental con-
duction in some A-V nodal cells (90, 93). 
Utilizing,microelectrodes, Paes de Carvalho (20, 
21) has described three functional regions in the rabbit 
A-V node: the AN, N, and NH. These correspond to the 
atrio-nodal junction, nodal cells with decremental con-
duction, and the nodal-His junction. Histologically, 
Anderson (6) has described distinct cellular zones in 
8 
abbit A-V node but others failed to find anatomical the r 
.d nee of distinct A-V nodal zones in the mouse or man ev~ e 
(110, 209). 
The blood supply to the canine and human A-V node 
and His bundle has been described recently by Nadeau (158, 
159 ) and Frink (53). The area is supplied by the A-V no-
dal artery which arises from the distal left circumflex 
artery and/or the septal arteries which arise from the 
left anterior descending artery near its bifurcation with 
the circumflex artery. Isolation and perfusion of these 
arteries has allowed selective stimulation or blockade 
of the perfused node and His bundle (26, 113). 
The bundle of His (common bundle, A-V bundle) was 
described in 1893 (85). It constitutes the normal path-
way of cardiac impulse cond~ction from the A-V node to 
the bundle branches and distal Purkinje system. With 
electronmicroscopy, James has studied the His bundle 
and found that it consists of typical Purkinje cells 
which are longitudinally separated by strands of colla-
gen with few intercellular junctions (114). This ana-
tomical structure of collagen separation implies elec-
trical isolation of parallel fibers in the His bundle. 
However, functional studies by Lazarra (126) indicate 
transverse electrical association in the His bundle. 
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That is, selective stimulation of a His bundle fiber with 
microelectrodes will spread throughout all the fibers of 
the His bundle, .indicating little or no fiber isolation. 
In addition to the His bundle various accessory pathways 
have been anatomically described which may account for 
Wolf-Parkinson-White syndrome (161, 242) and other ven-
tricular pre-excitation syndromes. The syndromes vary 
in duration of PR interval and QRS duration (47, 129, 
10 
235). The accessory pathways may connect the right atri-
um and right ventricle (Kent), the right atrium and His 
bundle (James), and the His bundle and ventricles (Mahaim), 
or the left atrium and ventricles (Ohnell) (129, 212). 
Whether or not these pathways are anatomically present in 
all hearts, but functional only in certain conditions, or 
only present in a few hearts, is unknown. 
The genesis and mechanisms of cardiac dysrhyth-
mias are generally divided into two concepts: 1) ec-
topic foci (automaticity); and 2) re-entry (circus 
rhythms or recip~ocal rhythms). Electrophysiologic 
studies have determined that the characteristic phase 4 
type pacemaker potentials (automaticity) are present in 
various areas of the heart (91). This automaticity is 
determined by the presence of progressively changing 
depolarization (prepotential) and it has been found by 
Trautwein (213) and West (237) in some S-A nodal cells. 
In addition, Paes de Carvalho has found cells with pre-
potential in the· rabbit's internodal tracts (20) and 
Hoffman (90, 95) has found prepotentials in some cells· 
of the A-V node. Purkinje fibers with prepotential have 
also been described by Hoffman (91) and they are con-
sidered necessary for the bundle branch foci and ven-
tricular foci described by Massumi (146) and Schamroth 
(185). Stable phase 4 (lack of automaticity) is found 
in normal working myocardial cells of the atria and ven-
tricles (91, 208) except possibly after acute infarct 
(127). Lazarra found that the insults of acute infarct 
can induce automatic type action potentials in ventric-
ular myocardium (127}. The presence or absence of pre-
potential is determined by membrane characteristics re-
lated to ionic permeabilities. Fozzard (52) and 
Trautwein (214) state that the ionic permeabilities gen-
erally considered to be responsible are potassium per-
meability (a decrease of which increases automaticity) 
and sodium permeability (an increase of which increases 
automaticity). Cranefield (36) has recently implicated 
calcium permeability in automatic rhythms seen in so-. 
diurn-free solutions. In Purkinje fibers, the prepoten-
tial can be increased by increasing the extracellular 
11 
d Can be reduced b_v utilizing calcium current calcium an 
++ blocking agents such as Mn , verapamil and apridine. 
12 
vassale has reviewed the two major controlling fac-
Of cardiac automaticity: the autonomic nervous sys-tors 
tern and overdrive suppression (222). Norepinephrine li-
berated at sympathetic nerve terminals may increase so-
dium permeability, decrease potassium permeability and 
lower threshold thereby increasing automaticity. Acetyl-
choline liberated at parasympathetic nerve terminals may 
increase potassium permeability, decrease sodium perme-
ability and raise threshold thereby decreasing automa-
ticity (198, 208). 
Frequency-dependent inhibition relates the inverse 
relationship of pacing rate to the first spontaneous de-
polarization following the pace termination. Overdrive 
suppression (or frequency-dependent inhibition). of atri-
... 
al pacemakers by the S-A node may be due to acetylcho-
line release (.239). The mechanism of overdrive suppres...-
sion in ventricular pacemaker cells is unknown but may 
depend upon the sodium pump and the potassium and sodium 
distributions across the cell membrane with various 
pacing rates (168, 222). 
Most automatic cells however are only potential 
pacemakers since their phase 4 depolarization usually 
. 1 to reach threshold orE critical. This failure is fa:L s 
13 
to interruption of phase 4 by conducted impulses which due . 
arose from an automatic cell with a faster phase 4 depo-
larization and/or lower threshold (198, 233). The p 
cells of the S-A node have the lowest threshold poten-
tials and most rapid depolarizing prepotentials and 
therefore are the normal cardiac pacer, i.e., the cells 
demonstrating the most automaticity (213). However, in 
the absence of the S-A node the second dominant pace-
makers are found near the coronary sinus (64, 194). 
Goldberg found that the posterior internodal tract (PIN) 
and His bundle regions accounted for about 90% of the 
automatic foci after S-A node excision. These foci and 
anterior internodal tract (AIN) foci were also under 
sympathetic control (64). Sealy found that after S-A 
node excision, coronary sinus rhythms were usually es-
tablished (194). This coronary sinue rhythm coincides 
with Goldberg•s PIN rhythms. Bundle of His rhythms, 
PIN rhythms, and coronary sinus rhythms might all be 
classified generally as A-V junctional rhythms. Uti-
lizing perfused S-A nodal and A-V nodal arteries, 
Urthaler (217) was able to depress or excite the S-A 
node and A-V node. He found the rate of A-V nodal 
rhythms are approximately 66% of the control sinus 
thUS confirming similar results of Eyster and Heek 
rate; 
(49) • 
Definitions of coronary sinus rhythms, A-V nodal 
rhythms and junctional rhythms vary tremendously between 
authors and considerable controversy exists regarding the 
site(s) of origin of these rhythms. Traditionally, Zahn 
(243) utilizing electrocardiograms, differentiated three 
A-V nodal rhythms, designated upper, middle, and lowe-r. 
However, recent thorough reviews concerning junctional 
or A-V nodal rhythms by Hiejima (82), Rosen (176), 
scherlag (190), and Waldo (228) have clarified Zahn's 
categories. Utilizing local bipolar electrograms, Zahn's 
upper A-V nodal rhythms could more correctly be desig-
nated as coronary sinus rhythms or posterior internodal 
tract rhythms. His bundle electrograms have indicated 
that some of Zahn's lower A-V nodal rhythms might more 
correctly be termed His bundle rhythms (39). It is 
probable that any number of rhythms can exist depending 
upon both the P cell distribution in the lower right 
atrium and A-V node and the discreteness of activation 
or suppression of these cells by coronary perfusion or 
nerve stimulation. 
Re-entry of a cardiac impulse has long been im-
plied as a possible mechanism in the genesis of 
14 
arrhythmias. Reciprocating rhythms were observed experi-
mentallY in 1913 and clinically in 1915 (230) and an ex-
tensive analysis of these rhythms was published by Scherf 
and Cohn (187). 
Most re-entrant rhythms are considered to involve 
the A-V node and Moe's suggestion of dual A-V nodal path-
ways (154) is cited as their basis (155, 230}. How-
ever, atrial re-entrant pathways are also postulated by 
James in the internodal pathways of the right atrium 
(106). Recently, Wit and Cranefield have experimentally 
proven re-entrant circuits can exist in canine Purkinje 
systems exposed to high potassium and epinephrine (34, 
241). Whether such conditions can ever occur near in-
farcted areas is questioned by Cranefield (33) and Han 
(75}. Re-entry has become an established explanation 
for many arrhythmias with coupled beats (37, 63, 73, 
184) as well as a postulated mechanism of ventricular 
fibrillation (35, 206). 
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The mechanism of re-entry is described as fol-
lows: the necessary factor for the establishment of a 
circus loop or circuit is an area of refractory tissue 
which initially fails to respond to an impulse propagating 
in one direction [unidirectional block (33), monodromia 
(193)]. This area may recover its excitability in time 
ept re-entry of the same impulse returning in the to ace 
site direction. The continuous circus movement would 
oppo 
be possible only when an area of tissue is recovered from 
excitation by the time the next excitation reaches it,· so 
that an excitable g~p of tissue always exists (74). A 
re-entry circuit can also be established if propagation 
of an impulse in one area is slow enough to permit other 
areas to recover from the initial response and be re-en-
tered by the slowly emerging impulse. The re-entrant im-
pulse may, in turn, re-excite the area of slow conduction 
to complete a circus loop. Intermittent re-entry may ac-
count for an occasional extra-systole or an established 
circuit may underlie a tachydysrhythmia, leading perhaps 
to fibrillation (2, 75). 
The genesis of either re-entrant arrhythmias or 
ectopic foci arrhythmias are unknown, but the autonomic 
nervous system might be an underlying or contributing 
factor. 
The influence of the nervous system upon the heart 
has been clearly recognized for centuries and was re-
viewed by Hoff (88). The terminal innervation of the 
autonomic cardiac nerves has been studied anatomically 
and functionally. The gross anatomy of the cardiac 
nerves was usually mentioned in passing as specialized 
16 
d . c structures were identified, hence both Tawara car ~a 
(207 ) and Kieth and Flack (122) identified nerves near 
the A-V and S-A nodes. Morrison (156) and Nonidez (163) 
further described the anatomy of the cardiac nerves. 
More recently Anderson utilizing histochemical tech-
niques has described the cardiac innervation of the 
guinea pig specialized conduction tissue (7). Utilizing 
the electron microscope, James (109), Kawamura (120), 
and Thaemert (209) have further elucidated the intri-
cate details of the cardiac innervation. Thaemert, in 
particular, has the most detailed descriptions and 
thorough studies of the two week old mouse A-V node. 
He has found intimate contact between vesiculated nerve 
processes and nodal cells which vary in extent from pro-
fuse innervation in the posterior and lateral portions 
of the tail of the node to lack of contact with many 
cells in the medial and anterior portions. The func-
tional significance of these innervation patterns is 
speculative. 
Functional evidence of gross anatomic cardiac in-
nervation has been known for many years and early work 
by Cohn (28), Hunt (102), Lewis (136), and Schlomowitz 
(192) has differentiated gross S-A and A-V innervation 
Patterns. The course of the individual cardiac nerves 
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to the various chronotropic (150-153), dromotropic (42, 
4 165, 169, 240) and inotropic (121, 172, 232) 56, 13 ' 
of ·the heart has only recently been elucidated. 
areas 
In general there is rich sympathetic innervation 
to the s-A and A-V nodes and atrial and ventricular myo-
cardium which augments inotropic, chronotropic, and dro-
motropic mechanisms. There is also rich parasympathetic 
innervation to the S-A and A-V nodes and atrial myocar-
dium with relatively minor innervation of the ventricular 
myocardium. Parasympathetic stimulation generally de-
presses chronotropic, dromotropic, and inotropic mechan-
isms (83) although a biphasic action of acetylcholine 
has been reported by Hollenberg (98). With the electron 
microscope, James (114) demonstrated anatomical innerva~ 
tion of the His bundle, bundle branches, and Purkinje 
system but nerve stimulations by Priola (170) and acetyl-
choline infusions by Varghese (220) had insignificant ef-
fects upon the H-V interval of His bundle electrograms. 
According to Burnstock, purinergic fibers have not been 
demonstrated to innervate the heart (18). 
A neural genesis for some arrhythmias has been 
Postulated for years (95, 231), but discussion of the 
role of the autonomic nerves in clinical arrhythmias 
is frustrating in the separation of cause and effect 
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relationship (1). 
one hundred years ago, Shiff (191) and Danilewsky 
(40) reported that stimulation of the canine cortex caused 
cardioacceleration independent of blood pressure changes. 
Within 50 years evidence was accumulating which impli-
cated higher levels of the central nervous system in car-
diac control (86). Since then numerous brain stimulations 
have induced tachycardias, bradycardias, and dysrhythrnias. 
Most of these stimulations however, were not discrete and 
current spread made definite identification of activated 
(or inhibited) anatomical counterparts impossible (86, 
145). In 1963, Hoff (87) reviewed the supramedullary 
cortical regions which influence the heart. Virtually 
all brain levels and structures including the diencepha~ 
Ion (143), mesencephalon (139), reticular activating sys-
tern and limbic system (86) effect the heart rate and 
rhythm. In addition to experimental electrode stimula-
tion, various brain levels can be activated or suppressed 
r 
by increased intracranial hemorrhage (199). This in-
creased intracranial pressure will induce various car-
diac dysrhythmias by alteration of cardiac autonomic 
tone. The central nervous system effects on the heart 
may be mediated by the vagus nerves (83) and/or sympathe-
tic nerves (51, 166), however, Manning has found that 
reproduction of the CNS induced dysrhythmias requires si-
multaneous stimulation of the vagi and sympathetic nerves 
(144}. 
Elaboration of the complex cause and effect re-
lationships of arrhythmias and the autonomic nerves, can 
be found in experiments relating coronary occlusion, in-
cidence of arrhythmias, and autonomic participation (48). 
Gillis (61), Harris (77), Khan (123), and Sugimoto (205) 
have all reported instances of autonomic hyperactivity 
after coronary occlusion or increased incidence of ar-
rhythmias after coronary occlusion and sympathetic stim-
ulation. Furthermore, surgical ablation of the sympa-
thetic pathway and/or vagi decreased the incidence of 
~rrhythmias after coronary occlusion (61). Pharmaco-
logic blockade of the autonomic nerves with propranolol 
and atropine has also decreased the incidence of arrhyth-
mias after coronary occlusion (77, 123, 195, 205). 
Goldstein (65) and Corr (31) however, did not find pro-, 
tection from arrhythmias after coronary occlusion with 
atropine administration. 
In view of the many intra-thoracic cardiac re-
flexes, such as the baroreceptor and chemoreceptor re-
flexes and others reviewed by Heymans and Neil (81), 
Stephensen (204), and Shepard (196), it is probable that 
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d ·ac dysrhythmias might result through activation of car 1 
fl xes The cardiac dysrhythmias associated with these re e • 
ary occlusion and infarct could result from stimula-coron 
tion of chemoreceptors or tension receptors (9, 196) in 
the various cardiac chambers. The afferent fibers of 
these tension and chemoreceptors have been shown by 
Armour (9) to course in the autonomic cardiac nerves. 
The reflexes elicited by the receptor activation may al-
leviate or further aggrevate the dysrhythmia by further 
autonomic activation. The major hemodynamic consequence 
of cardiac dysrhythmias is usually decreased cardiac out-
put due to rate and stroke volume irregularities (80, 
179). This decreased cardiac output will result in re-
flex cardiovascular effects which maintain blood pres-
sure (81). These cardiovascular reflexes will alter car-
diac autonomic tone which in turn, may aggrevate or al-
leviate the dysrhythmia. 
Pharmacologic prevention or termination of car-
diac dysrhythmias often requires the use of alpha and 
beta adrenergic blocking agents as well as the muscarinic 
cholinergic blocker, atropine. Furthermore, antiarrhyth-
mic agents have various potentiating or blocking effects 
on the autonomic nervous system {68). The combined use 
of a neural blocking agent with an antiarrhythmic agent 
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is becoming more common (173, 177). All these pharmaco-
·c treatments imply some degree of autonomic partici-
l09'l. 
pation in the genesis and/or continuation of cardiac dys-
rhythmias. 
Pharmacologic antiarrhythmic agents can be classi-
tied into two to four groups. Vaughn Williams (223) 
discriminates between the ability of a drug to decrease 
the action potential amplitude and the maximum rate of 
rise of phase O, to cause sympathetic blockade, to in-
crease the duration of the transmembrane action poten-
tial, or to modify a postulated inward calcium current 
which is activated during depolarization. Gettes (58) 
on the other hand, classifies agents into those that 
remove or prevent the factors responsible for the elec-
trophysiologic abnormality underlying an arrhythmia; 
those that enhance the effects of acetylcholine either 
by increasing parasympathetic effects or decreasing 
sympathetic effects; and those that directly alter the 
electrophysiologic properties of cardiac cells. Finally, 
Rosen (177) simply divides agents into those that de-
press conduction and responsiveness and those that do 
not depress and which might improve conduction and re-
sponsiveness. Due to the complex parameters and ionic 
mechanisms underlying an ·.action potential, the mechanisms 
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l ved in the genesis of an arrhythmia, and the com-inVO 
e s of drugs at various doses and cornbina-pleX respons 
Rosen's classification is probably too simple. 
tions, 
oue to the overlapping of drugs in more than one 
Gettes' three classifications are misleading. qroup, 
For example, propranolol may block hyperactivity of the 
sympathetic nerves to the heart which may be inducing 
an arrhythmia, also release vagal tone, and finally have 
direct membrane effect upon electrophysiologic charac-
teristics of the cardiac cell (41); it would there-
fore satisfy all three classifications. If bretylium 
and propranolol are excluded from Gettes group 3, 
leaving quinidine, procainamide, lidocaine, diphenyl-
hydantoin and potassium salts, then all group 3 drugs 
have the ability to suppress prepotential and shift 
the phase 4 level from which a premature response can 
originate, thus increasing the rate of depolarization 
of the premature response. 
Vaughn Williams' classification (223) although 
not perfect is most widely accepted. It is heavily 
oriented towards re-entrant arrhythmias and requires 
new classifications for drugs which act against a spe-
cific ionic current. One such new class of drugs spe-
cifically suppress Ca++ currents and therefore depress 
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tion potential plateau (i.e. verapamil) (36). 
the ac 
h Williams' classification as well as those by Rosen vaug n 
and Gettes, disregards drug interactions when multiple 
t s are administered. These interactions may move a agen 
drUg from one class to another, thus making classifica-
l.·n this instance, useless. tion, 
In general, pharmacological antiarrhythmic agents 
can effect automaticity in pacemaker cells by decreasing 
the slope of phase 4 depolarization, and shifting thres-
hold toward zero {198, 208). Quinidine and procaine-
amide {234, 238) and some beta blocking agents (41, 96) 
can act to decrease the slope of phase 4 in pacemaker 
fibers through direct membrane and/or indirect neural 
effects (58, 198). In non-pacemaker fibers, quinidine 
and procainamide decrease the rate of action potential 
phase 0 (58, 91). Threshold voltage may be raised 
towards zero and phase 3 lengthened in atrial and ven-
tricular myocardial cells with quinidine and procain-
amide (15, 57). Both drugs decrease conduction in the 
atria, A-V node and ventricles (15) • Quinidine adminis-
tered via the S-A nodal artery by James has been shown 
to exhibit both antiadrenergic and anticholinergic ef-
fects ( 112) • 
Antiarrhythmic agents can effect excitability and 
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· in three ways: conduct~ on alteration of action potential 
1 rization, duration, and refractoriness; alteration repo a 
n membrane potential and threshold; and alteration betwee 
of the level of diastolic potential during phase 4 de-
polarization (198, 208). Propranolol in addition to its 
beta blocking activity causes specific alterations in 
the electrical activity of myocardial cells (173). 
Davis, using single fiber studies, has found that pro-
pranolol (in low doses) presents epinephrine induced 
diastolic depolarization in Purkinje fibers but had no 
other changes on action potential characteristics (41). 
In higher doses propranolol may effect the maximal rate 
of phase 0 and action potential amplitude in ventricu-
lar fibers but not effect action potential duration or 
refractoriness (29, 41). 
Propranolol and practolol in beta blocking doses 
have been effective in terminating ·post-stimulatory a-
trial flutter in the dog. Beta~receptor stimulation is 
further indicated in the mechanisms of this post-stimu-
latory arrhythmia since catecholamine depleted hearts 
(reserpinized) could be made to sustain atrial flutter 
only during catecholamine infusion (140). 
Lidocaine is the most frequently used drug for 
Ventricular arrhythmias (13, 59, 60, 69). It has minimal 
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effects on intra-atrial, His-Purkinje, and intraventric-
ular conduction times, although A-V nodal conduction may 
be slowed, not by a direct action of lidocaine upon A-V 
nodal fibers, but due to an increase in parasympathetic 
tone (11, 14, 117, 138, 174). Lidocaine and propranolol 
have been administered in patients with pre-excitation; 
lidocaine depressed the accessory pathway conduction, 
whereas propranolol depressed A-V nodal conductions. 
Either drug could therefore effect re-entrant tachycar-
dia in patients with this syndrome by depressing a part 
of the circus route (175, 177). 
Furthermore, lidocaine can suppress automaticity 
in cardiac Purkinje fibers by increasing the potassium 
conductance of the sarcolema but not altering the thres-
hold level (15). Bigger has shown that lidocaine shor-
tens action potential duration and refractoriness in 
Purkinje fibers and ventricular muscle but has little 
effect on atrial tissues (13, 14). An additional anti-
arrhythmic property of lidocaine might be its neural 
anesthetic properties (68). Spear has shown lidocaine 
to be beneficial in increasing ventricular fibrillation 
threshold and in reducing arrhythmias follov1ing coronary 
artery occlusion (202). Both ventricular fibrillation 
threshold and incidence of arrhythmias following coronary 
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occlusion are altered by changes in sympathetic tone (62, 
72, 77' 142). 
Tetrodotoxin, the poison of the puffer fish 
(Spheroides maculatus), has been shown to block neural 
conduction by .inhibition of fast sodium channels (119). 
At low doses (1-3 micrograms) tetrodotoxin administered 
via the A-V nodal artery can abolish vagal and cardiac 
nerve effects on the A-V node but not directly affect 
A-V nodal conduction (103, 219). At higher doses (10 
micrograms) however direct effects of tetrodotoxin upon 
cardiac cells occur (103, 219). The antiarrhythmic ef-
fects of tetrodotoxin to nerve stimulation (219) and 
aconitine may be related to its cardiac (101) and/or 
neural (103, 219) effects. 
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CHAPTER III 
MATERIALS AND METHODS 
The methods used in this study are described in 
two sections which correspond to the experiments in 
which: 1) neurally mediated tachydysrhythmias are in-
duced, analyzed, and treated pharmacologically; and 2) 
vagally mediated bradydysrhythmias are induced and 
analyzed. 
I. A. Induction of Tachydysrhythmias 
Thirty-four mongrel dogs of either sex weighing 
approximately 20 kg were sedated with phencyclidine hy-
drochloride (SernylanR, Bio-Ceutic Laboratories, Inc.) 
2 mg/kg I.M. and anesthetized with alpha-chloralose 
{Establissment Kuhlmann) 60-80 mg/kg I.V. {25, 32, 128). 
Positive pressure respiration was maintained with 
a Bird Mark 7 respirator and a bilateral thoracotomy 
through the 4th intercostal space was performed. The 
pericardium was incised, the heart exposed and suspended 
in a cradle fashioned from pericardium. Regional 
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myocardial contractile forces were measured with Walton-
Brodie strain gauge arches. Either unipolar (an elec-
trode mounted in a base of a strain gauge) or bipolar 
(Priola tripolar plaque to be described later) electrodes 
were sutured onto the atria and ventricles for local car-
diac electrograms. 
Cardiac tachydysrhythmias were induced by elec-
trical stimulation of the ventrolateral cardiac nerve 
(VLCN). The VLCN is a large nerve which originates at 
the junction of the anterior ansa and left caudal cer-
vical ganglion; it courses towards the heart parallel 
and lateral to the left thoracic vagus. The parallel 
course of the VLCN with the thoracic vagus and other 
sympathetic nerves allows for rich interconnections 
between the VLCN and these nerves (151, 153). The VLCN 
divides into several branches coursing along the ven-
tral surfaces of the aortic arch and the pulmonary ar-
tery to enter the pretracheal, aortic and coronary 
plexuses (Figure 1). A large lateral branch descends 
to penetrate the pericardium above the left superior 
pulmonary vein to supply the left atrium and left ven-
tricle. It further courses along the coronary sinus to 
supply the right atrium. This innervation pattern may 
be based on embryological changes of the left superior 
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FIGURE 1 
SCHEMATIC ANATOMY OF THE 
VENTROLATERAL CARDIAC NERVE (VLCN) 
VLCN 
FIGURE 1 
LEGEND 
Schematic representation of the ventrolateral 
cardiac nerve (VLCN) as it courses in the thorax to the 
heart; schematic representation of electrical stimula-
tion sites along the nerve and locations of the strain 
gauge arches. 
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vena cava into the coronary sinus. 
Electrical stimulations were with a Porter elec-
trode and Grass Model SS square wave stimulator at 10 Hz, 
5 msec duration and voltages ranging from 0.5 to 8.0 
volts (parameters monitored with a Hewlett-Packard 
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120 B oscilloscope). In a few initial experiments, fre-
quency and duration were varied but the induced tachydys-
rhythmias were independent of these stimulation parameters. 
In one group of dogs, mechanical and electrical 
events were recorded from multiple sites of the epicar-
dial surface during VLCN stimulation. In these dogs, 
a lead II ECG was recorded along with force and/or uni-
polar electrical recordings from the right and left 
atria, right ventricular sinus (inflow) and conus (out-
flow), and left ventricular anterior, anterolateral, 
posterolateral and posterior surfaces. Selected record-
ings were made in each dog with an Offner 8 channel Dyne-
graph. 
In a seco~d group of dogs, bipolar electrodes 
were sutured over the S-A node, over the anterior and 
posterior internodal pathways, and on the epicardial 
surface of the left atrium, right ventricular conus and 
anterior left ventricle. Strain gauges were also su-
tured onto atria and ventricles. Atrioventricular 
blockade was acutely created in 6 dogs by injection of 
o.l to 0.4 ml of phenol at the distal interatrial sep-
tum near the A-V node. Four dogs were placed upon total 
cardiopulmonary bypass and additional bipolar electrodes 
sutured over the middle internodal pathway, A-V node 
and right bundle branch (detailed in following section). 
Atrioventricular blockade was created in these dogs by 
a small surgical incision at the right atrium - upper 
ventricular septum junction, near the distal A-V node. 
In a final group of four dogs, reserpine 
(SandrilR, Lilly) was administered in two doses of 0.3 
mg/kg I.M. over a 2 or 3 day period (17, 116). Atrial 
and ventricular electrograms and force recordings were 
also recorded in these dogs. The criteria for effec-
tive reserpinization were lack of rate or force augmen-
tation with su~ramaximal stellate stimulation. ·All the 
hearts from reserpinized dogs were analyzed for tissue 
catecholamines using the extraction method of Anton (8), 
and the assay method of O'Hanlon (164). Minimum levels 
of catecholamines that can be detected by this method 
are in the range of 0.01 pg/g wet tissue. All ade-
quately reserpinized dogs had cardiac tissue levels be-
low this minimum. (Analyses generously performed by 
Dr. D. Priola, Department of Physiology, University of 
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NeW Mexico) . 
B. Analysis of Tachydysrhythrnias 
Acute experiments were performed in 15 open chest 
mongrel dogs of either sex weighing approximately 20 kg. 
Anesthesia was induced with phencyclidine HCl and a-chlor-
alose in 13 dogs or sodium pentobarbital (Holmes Serum 
co.) 30 mg/kg in 2 dogs. 
All dogs were maintained under positive pressure 
respiration until total cardiopulmonary bypass was in-
stituted. The bypass technique involved cannulation of 
the extrapericardial, intrathoracic inferior vena cava 
and cannulation of the superior vena cava via the azy-
gous vein for venous drainage. Following oxygenation, 
the blood was returned to the animal through a Sarns 
Model 1400 pump via a catheter in a femoral artery. The 
coronary sinus outflow was returned to the pump by a 
sucker and left ventricular drainage collected and re-
turned to the pump from a catheter inserted through the 
left ventricular, apex. The blood was oxygenated with 
100% oxygen in a Travenol miniprime bag (each bag used 
for 4 or less experiments) and passed through a heat ex-
changer at 37°C before being returned to the dog. The 
o~1genator bag was primed with 1 liter of Hartmann's so-
lution (lactated Ringers with 5% dextrose, Travenol Co.) 
'! 
h
ich S0-60 grams of dextran {M.W. 40,000, Sigma Co.) 
in w 
d
issolved. This addition of dextran to the hypo-os-
was 
Hartmann's solution increased osmolarity, elimi-JDC)tic 
nated excess fluid loss to the extravascular space, and 
d 0 
noticeable effect upon induced tachydysrhythrnias. 
ha n 
·pump output was maintained with this solution at 1.0 to 
1
• 5 L/min. Experiments lasted approximately 2-4 hours 
with no changes in tachydysrhythmia induction. Mainte-
nance of cardiac bypass throughout the experiment eli-
minated reflex autonomic discharges to the heart due to 
changes in peripheral blood pressure from induced tachy-
dysrhythmias. 
For recording electrical activation "Priola" 
tripolar plaque electrodes were utilized (as in part I). 
file plaques were made of dental acrylic in which 3 tef--
lon coated 30.0 gauge silver wires were embedded. The 
tips are triangularly spaced 1.0 rom apart and any two 
could be chosen for recording local activity. The con-
tiguous electrodes r••very near but not in contact" (76)] 
Were sutured over the S-A nodal area, the area over the 
anterior internodal pathway at the superior margin of 
the interatrial septum (Bachmann's Bundle), the area 
over the middle internodal pathway at the limbus of the 
fossa ovalis, the area over the posterior internodal 
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pathway between the coronary sinus and the A-V ring just 
medial to the Eustachian ridge, on the A-V junctional 
area midway between the middle and posterior internodal 
electrodes (Figure 2), at the base of the right ventric-
ular papillary muscle near the right bundle branch, on 
the left atrial appendage and on the left and/or right 
ventricular epicardium. All sutures were placed parallel 
to muscle fiber orientation so that minimal damage oc-
curred to conduction pathways (99, 106, 111, 149). 
Activation of and transmission through the A-V 
node was assessed with a His bundle electrogram. A 
Hoffman type plaque electrode with 5 teflon coated 30 
gauge silver wires arranged in X fashion was sutured 
over the A-V node. The 2 pick-up points over the dis-
tal A-V node which recorded the sharpest His deflec-
tion were used O, 4, 94). The shape and amplitude of 
the His deflection varied between animals and depended 
upon electrode contact and placement (183). 
The His bundle electrogram is composed of 3 de-
polarizations. The first component represents activa-
tion of the low right atrium. This "A" component is 
usually large (approximately 5-10 mv) and 30 to 50 msec 
in duration. The second component "H" is small in am-
plitude (approximately 1-5 mv) and short in duration 
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FIGURE 2 
SITES OF RIGHT ATRIAL ELECTRODE PLACEMENT 
I 
Sites of right atrial electrode placement. AIN = 
anterior internodal pathway; AVJ = atrioventricular no-
dal junction; HIS = bundle of His; IVC = inferior vena 
cava; MIN = middle internodal path~vay; PIN = posterior 
i nternodal path\vay; RA = right atrium; SA = sinoatrial 
nede; SVC = superior vena cava. 
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(approximately 10 msec). The frequency of this sharp His 
deflection is between 80-120 Hz (E. Neil Hoore, personal 
communication). It represents activation of the His bun-
dle. The A-H subinterval is considered to be the best· 
measure of A-V nodal conduction (38). Control values 
for the A-H interval in man are 92 + 32 msec (22, 44, 
79). Canine values are approximately 20% shorter than 
human A-Hand H-V intervals (54, 64). The third compo-
nent represents activation of upper ventricular septum. 
This "V" component is slightly larger and longer than 
the "A" deflection. The H-V subinterval is considered 
the best measure of Purkinje-myocardiurn conduction 
(38). Control values for the human H-V interval are 
44 + 12 msec (22, 125). All amplitudes, frequencies 
and durations of the His bundle elect~ogram are influ-
enced by amplifier filtering and electrode placement 
(92, 188, 221) 0 
Verification of the His component of the His bun-
dle electrogram was made by: a) surgical destruction 
of the His bundle and subsequent loss of the H component 
with A-V dissociation; b) injection of acetylcholine in-
to the A-V nodal artery and subsequent increase in A-H 
interval; or c) electrical stimulation of the cervical 
vagus and subsequent increase in the A-H interval 
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(increased A-H interval reflects decreased A-V conduc-
tion velocity}. 
Electrical activity was amplified with either 
Grass model P511 or 7P5 preamplifiers. For the P511 
preamplifiers, the 1/2 amp, low frequency setting was 
o.l Hz and the 1/2 amp high frequency setting was 30.0 
KHz. The 1/2 amp low frequency setting for the 7P5 
wide band EEG preamps was 0.15 Hz and the 1/2 high fre-
quency setting was 35 KHz. These settings represent 
minimal filtering of the signals and allow passage of 
virtually all signal waves (92, 188}. Ninety percent 
or greater of all signal amplitudes between 0.5 Hz 
and 5.0 KHz are permitted with these filter settings. 
The amplified electrograms were recorded on frequency 
modulated magnetic tape in the direct mode on a Preci-
sion Instrument Model 6100 eight channel tape recorder. 
One channel of the tape was for voice identification. 
The 7 channels of data were played back through a 
Tektronics 565 opcilloscope and photographed with a 
Grass C-4N Kymograph camera at a film speed of 250 mrn/ 
sec. The use of a tape recorder introduces a minor at-
tenuation of the electrogram morphology and amplitude 
but does not affect the time of initial defelction of 
the electrograms from the isoelectric line (Figure 3}. 
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FIGURE 3 
CONTROL DEPOLARIZATION SEQUENCE 
CONTROL 
HIS ~ h v ~ --'\1~·~\/· v---
BA~'· I • 
AIN--~~~~---~~~~------------
MI N --::a:---.~~~~ t\ ~---------..._ ____ _ 
PI N . ,. : 1\ ---~__.,._ V'' \/ ·~ ~ ~~-----------R B B --/\../'-_...........__,__ _ 
100 MS 
Control depolarization sequence. a = lower right 
atrial activation; h = bundle of His activation; RBB = 
base of the right ventricular papillary muscle over the 
right bundle branch; v = ventricular activation. Other 
abbreviations as in Figure 2. 
Therefore, for timing purposes and determination of the 
anatomical and/or functional pacemaker location, the 
initial deflection from isoelectric line was utilized 
(137, 180, 200, 201). 
In two dogs, partial chemical sympathectomy was 
performed by 2 inter-muscular injections of reserpine 
(0.3 mg/kg) 1 to 8 days before the acute study and 1 
intravenous dose (0.5 mg/kg) 3 hours before the study. 
In three other dogs, upper thoracic sympathectomy was 
performed by surgical removal of both stellate ganglia, 
together with partial removal of the caudal cervical 
ganglia, 38 and 90 days before the study (232). Cate-
cholamine content was decreased to approximately 10-20% 
of control and confirmed the partial sympathectomy. 
In this series of dogs, the tachydysrhythmias 
were induced by electrical stimulation of the peri-
cardial VLCN with Grass model SS or SD9 stimulators. 
Utilizing the multiple local electrograms and His bun-
dle electrogram,, the type of tachydysrhythmias induced 
and pacemaker location were determined. 
I. c. Pharmacology of VLCN Tachydysrhythmias 
Attempts to pharmacologically block the VLCN in-
duced tachydysrhythmias were made but were largely un-
successful. The following neural and cardiac agents 
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(68) were systemically administered: 
1. 
a. 
b. 
c. 
d. 
e. 
Adrenergic Blocking Agents 
propranolol 0.1 to 0.5 mg/kg (Sigma Co.) 
practolol 1.5 mg/kg (ICI - AY21011) 
tolamolol 0.5 mg/kg (Pfizer) 
phentolamine 1.0 mg/kg (RegitineR, CIBA) 
phenoxygenzamine 0.25 to 4.5 mg/kg (DibenzalineR, 
SKF) 
2. Cholinergic Blocking Agents 
a. atropine .05 to 3 mg/kg (Merck) 
b. hexamethonium 1.0 mg/kg (K + K Labs) 
3. Antiarrhythmic Agents 
a. lidocaine 0.2 to 2 mg/kg (Astra) 
b. procaine amide 0.5 mg/kg (Squibb) 
c. quinidine 1.0 to 20.0 mg/kg (Lilly) 
d. digoxin 25.0 ~g/kg (Burroughs-Wellcome) 
e. diphenylhydantoin 5 mg/kg (Parke-Davis) 
f. bretylium 10 mg/kg (Burroughs-Wellcome) 
g. guanethidine _1.0 mg/kg (IsmelinR, CIBA) 
It is possible that sufficient drug concentration 
may not be achieved at the VLCN - myocardial junction, 
therefore, the following agents were administered via 
the A-V nodal artery in 0.1 to 1.0 ml of solution: 
a. propranolol 0.1 - 2.0 mg 
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c. 
d. 
e. 
f. 
g. 
h. 
atropine 0.1 - 2.0 mg 
phenoxybenzamine 2 - 5 mg 
lidocaine 0.2 - 20 mg 
quinidine 8 - 80 mg 
diphenylhydantoin 25 mg 
bretylium 0.2 mg 
digoxin 2.5 mg 
The A-V nodal artery is isolated from the circum-
flex coronary artery according to James (113). In the 
dog the blood supply to the A-V node and His bundle is 
from two directions, the anterior and posterior margins 
of the interventricular septum. Posteriorly, a small 
branch leaves the left circumflex coronary artery near 
the ostium of the coronary sinus and courses forward 
between the atrial and ventricular septa to penetrate 
the posterior margin of the A-V node. This is the A-V 
node artery. Cannulation of the A-V node artery may be 
accomplished via a midline incision, a right intercos-
tal incision, or, a left intercostal incision, and each 
approach has its advantages. The midline incision per-
rnits easier cradling of the heart in the pericardium 
without the motion produced by an underlying lung, and 
also permits dissection and cannulation of the septal 
artery or the sinus node artery as well if so planned. 
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A left intercostal incision exposes the distal portion 
of left circumflex artery optimally, but neither the 
septal artery nor the sinus node artery can be reached 
satisfactorily from this exposure. A right intercostal 
incision permits expos~re of both the distal left cir-
cumflex artery and direct exposure of the sinus node 
artery (113). 
In the experiments reported here, the A-V nodal 
artery was cannulated with a 22 gauge polyethelene ca-
theter during ventricular fibrillation (systemic pres-
sure maintained by the bypass pump). Verification of 
the A-V nodal artery is accomplished by injection of 1 
to 10 mg of acetylcholine which results in transient 
~eart block when the node is perfused (27, 113). 
The canine septal artery is a constant large 
single vessel which is a branch of the left anterior 
descending coronary artery. Both the A-V node artery 
and the septal artery perfuse a significant amount of 
ventricular myocardium. It is impossible, therefore, 
to produce local chronotropic or dromotropic effects in 
the node or bundle with this method of cannulation with-
out the simultaneous perfusion of some ventricular myo-
cardium (113). India ink perfused into the cannula at 
the end of each experiment visually verified the area 
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perfused. 
Tachydysrhythmias were induced in these dogs by 
electrical stimulation of the pericardial VLCN. Local 
electrograms, His bundle electrogram and lead II ECG 
were amplified with 7P5 or P511 Grass preamplifiers 
and optical galvanometers (Telex 120B-5K, F5.5) driven 
by operational amplifiers (Motorola MCH2870CR). The oil 
damped galvanometers were individually cerfitied to 
faithfully respond up to 3.0 KHz. Recordings were made 
on photographic film with a Midwest Optical Oscillograph 
(Model 591). Six to twelve channels of data were re-
corded with Priola bipolar electrodes especially concen-
trated about the A-V nodal area. Paper speed was 264 
or 206 mm/sec. 
II. Neurally Induced Bradydysrhythmias 
Acute experiments were performed on twelve mon-
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grel dogs of either sex weighing approximately 20 Kg. 
Anesthesia was induced with phencyclidine HCl and a-chlor-
alose. Following bilateral thoracotomy, contiguous bi-
polar silver electrodes (Priola type) were sutured onto 
the epicardium over the S-A nodal area, the area over 
the anterior internodal pathway, the posterior right 
atrium near the ostium of the coronary sinus, the left 
atrium, and on the left and right ventricles. While on 
total cardiopulmonary bypass (10 dogs), or inflow occlu-
sion (2 dogs), electrodes were sutured onto the endocar-
dial surface over the area of the middle internodal path-
way, the area of the posterior internodal pathway, and 
the base of the right ventricular papillary muscle near 
the right bundle branch (64). A Hoffman plaque elec-
trode with 5 pick-up points was sutured over the caudal 
end of the A-V node to record the inferior atrial elec-
trical activity, His bundle electrogram, and upper ven-
tricular septal electrical complex. Sutures for all 
electrodes were placed parallel to cardiac fiber orien-
tation so minimal damage occurred to the conduction path-
ways. Electrical activity was amplified with Grass Model 
7P5 wide band AC EEG preamplifiers and recorded on photo-
graphic film with a Midwest Optical Oscillograph. Thus, 
7 local electrograms plus lead II ECG were recorded in 
all animals. The left and right thoracic vagi were care-
fully dissected from the mediastinal pleura between the 
level of the superior pulmonary vein and a point just 
caudal to the caudal cervical ganglia. Cardiac dys-
rhythmias were induced by electrical stimulation (Grass 
Stimulator Model SD9) of the left and right thoracic 
vagi and their small branches (150, 152). 
In most dogs efferent and afferent, left and right 
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stimulations were performed; however, in some dogs only 
left, only right, or only efferent stimulations were 
performed. In 9 of 12 dogs, the left thoracic small 
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vagal nerves were stimulated prior to cervical vagotomies, 
and in 8 of 12 dogs following cervical vagotomies. In 7 
of 9 dogs, the right thoracic small vagal nerves were 
stimulated prior to cervical vagotomies, and in 6 of 9 
dogs following cervical vagotomies. Stimulation param-
eters were 20 Hz, 5 msec duration, 4 volts (monitored 
on a Hewlett Packard 120B oscilloscope). 
The bradydysrhythmias induced are vagosyrnpathetic 
in origin and not necessarily parasympathetic since no 
adrenergic blocking agents were employed to separate sym-
pathetic and parasympathetic components of the vagal fi-
bers (133). The combination of parasympathetic pre-
ganglionic fibers and sympathetic postganglionic fibers 
in the dog occurs at the caudal cervical ganglion and 
activation of nerves distal to this ganglion must be con-
sidered mixed vagosympathetic trunks (133, 172, 232). 
,1' 
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CHAPTER IV 
RESULTS 
The results are presented in two general sections. 
The first section deals with neurally induced tachydys-
rhythmias divided into: a) induction of tachydysrhyth~ 
mias with VLCN stimulation; b) analysis of VLCN tachy-
dysrhythmias; and c) pharmacological studies of VLCN 
tachydysrhythmias. The second section deals with 
neurally induced bradydysrhythmias divided into: a) 
direct and reflex bradydysrhythmias with stimulation 
of left thoracic vagal nerves; and b) direct and re-
flex bradydysrhythmias with stimulation of right thora-
cic vagal nerves. 
I. Neurally Induced Tachydysrhythmias 
A. Induction of Tachydysrhythmias with VLCN 
Stimulation 
In 6 dogs, cardiac responses of regional contrac-
tile force and heart rate to electrical stimulation of 
the ventrolateral cardiac nerve (VLCN) were made at 
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varying electrode placements along the thoracic course 
of the VLCN. A typical series of results are seen in 
Figure 4. This Figure illustrates recordings of re-
gional contractile force from 7 different epicardial 
surfaces, together with a lead II ECG (turned off dur-
ing nerve stimulations due to electrical interference). 
stimulation is indicated by the signal magnet at the 
top of the Figure. Right (RSS) and left (LSS) stel-
late ganglion stimulation of 10 Hz, 5 msec duration, 
and 4 volts caused augmentation in force in all re-
corded regions as well as an increase in heart rate. 
~fuen the VLCN was stimulated near its origin (up thor 
VLCN - see Figure 1 in Methods section) contractile 
forces were augmented only in the left ventricular pos-
terolateral and posterior areas; heart rate was in-
creased from 160 to 200 beats/min, and there was 1:1 
atrioventricular conduction. Stimulation of the cau-
dal thoracic portion of the VLCN (low thor VLCN) 
caused the same regional force augmentation without 
change in heart rate. Stimulation of the total era-
nial portion of the pericardia! VLCN (up peri VLCN) 
elicited a bradycardia of 125/min with minor depression 
in atrial force. Minimal depression in contractility 
occurred in the right ventricular conus as well as the 
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FIGURE 4 
REGIONAL CARDIAC EFFECTS OF THORACIC AND 
PERICARDIAL VLCN STIMULATIONS 
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FIGURE 4 
LEGEND 
A standard limb lead II electrocardiogram as well 
as strain gauge force recordings from left atrium (LA} , 
right ventricular conus (RVC), right ventricular sinus 
(RVS), anterior left ventricle (LVA), anterolateral left 
ventricle (LVAL), posterolateral left ventricle (LVPL}, 
as well as posterior left ventricle (LVP) are shown dur-
ing a variety of nerve stimulations. Right (RSS) and 
left (LSS) stellate ganglia stimulations are followed by 
stimulations of upper thoracic VLCN (up thor VLCN), 
lower thoracic VLCN (low thor VLCN), upper pericardial 
region of VLCN (up peri VLCN}, and finally lateral branch 
of upper pericardial VLCN (br up peri VLCN}. 
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anterior and posterolateral and posterior regions of the 
left ventricle. Stimulation of a lateral branch of the 
cranial pericardial VLCN (br up peri VLCN) elicited aug-
mentation in force in the posterolateral and posterior 
regions of the left ventricle with minimal atrial force 
depression and bradycardia (heart rate of 150/min) • 
Figure 5 illustrates the effects of stimulation 
of the mid-pericardia! (panel A) and lower pericardial 
(panel B) VLCN upon regional force in the same prepara-· 
tions as illustrated in Figure 4. During pre-stimula-
tion control periods, the heart rate was 155/min and 
atrioventri·cular conduction was 1: 1. During stimulation 
of the mid-pericardial VLCN at 10 Hz, 5 msec and 1 volt, 
atrial rate was increased to 320/min whereas the ven-
tricular rate accelerated to 270/min. Note that the 
atrial tachycardia was regular or rhythmic while the 
ventricular rate was not indicating some degree of heart 
block in the A-V node. In the right ventricle and an-
terior and anterolateral left ventricle every third con-
traction was greater in force than the previous two. 
The occurence of heart block was probably due to the 
very fast atrial rate and the long A-V nooe refractory 
period (45, 131, 187). The contractile force changes 
were probably due to the altered hemodynamics (filling 
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FIGURE 5 
REGIONAL CARDIAC EFFECTS OF PERICARDIAL 
VLCN STI~1ULATIONS 
MID PERl VLCN 
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In the same experiment as in Figure 4, with ECG 
channel deleted, effects of stimulation of middle per-
cardial region of VLCN (A) , and lower pericardial re-
gion of VLCN (B) are shown to compare regional effects 
of VLCN stimulation in ventricular region. 
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time, etc.) of arrhythmias (80, 179). ~Vhen the lower 
pericardial VLCN was comparably stimulated, atrial tachy-
dysrhythmia (flutter) occurred with some degree of heart 
block. This was followed by atrial and left ventricular 
rates of 320/min (fast trace). However, the right ven-
tricular conus contracted at 160/min. Contractile al-
ternans occurred in the right ventricular sinue (rate 
of 320/min). Increased contractile force occurred in 
some regions but not in others. 
In 8 additional dogs, selective unipolar elec-
trical activities along with regional contractile 
forces were recorded during pericardial VLCN stimula-
tion. In Figure 6, at slow recording speed, low vol-
tage (10 Hz, 5 ms, < 2 volts) stimulation of the mid-
pericardial VLCN induced tachydysrhythmia and widely 
varying responses in regional contractile forces. At 
fast recording speed during control, the mechanical and 
electrical behavior progressed in a cranial to caudal se-
quence with 1:1 A-V conduction. During the tachydys-
rhythmia (induced at the arrow) the atrium contracted at 
a faster rate (300/min) than the ventricles (150/min) 
and the ventricular segments contracted after alternate 
electrical excitations. This apparent electrical - me-
chanical dissociation is probably due to strain gauge 
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FIGURE 6 
CONTRACTILE AND ELECTRICAL EFFECTS OF PERICARDIAL 
CONUS 
.FORCE 
VLCN INDUCED TACHYDYSRHYTHMIA 
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FIGURE 6 
LEGEND 
Stimulation of middle pericardia! VLCN developed 
a tachydysrhythmia as recorded on left atrial force 
(LAF), conus electrical (conus elect) and force (conus 
force) behavior, sinus force, anterior left ventricular 
electrical (LVA elect) and force (LVA force} changes, as 
well as lateral left ventricular force (LVL force). 
Left panel demonstrates tachydysrhythmia at a slow re-
cording rate, and right panel shows arrhythmia at a 
faster recording speed. Note conus electrical excita-
tion is double its mechanical behavior. 
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response limitations. 
In another group of 10 dogs, selective bipolar 
electrograms and regional contractile forces were re-
corded during pericardial VLCN stimulations. Figure 7 
illustrates typical results of the stimulations after 
A-V block had been created by surgical incision of the 
His bundle. The control sequence of electrical events 
utilizing the bipolar electrograms is illustrated in the 
left panel. Left atrial, left ventricle, and right ven-
tricular contractile forces are also recorded. During 
control the S-A node electrode was closest to the car-
diac pacemaker and it was first activated. More cau-
dal electrograms (coronary sinus, A-V node and 
Bachmann's Bundle} followed the initial S-A deflection. 
Due to the surgical A-V block, the right ventricular 
electrogram (over.the right bundle branch) was totally 
dissociated from the atrial activity. In the right 
panel VLCN stimulation (10 Hz, 5 ms, 4 volts} induced 
a coronary sinus tachydysrhythmia (irregular rapid rate) 
with no effect upon ventricular rate. Upon cessation 
of the stimulation, the sequence of activation returned 
immediately to that observed during control. 
Figure 8 illustrates the results of stimulation 
of the pericardial VLCN (arrow) after effective 
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FIGURE 7 
CONTRACTILE AND ELECTRICAL EFFECTS OF VLCN INDUCED 
TACHYDYSRHYTHMIA AFTER AV NODAL BLOCK 
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FIGURE 7 
LEGEND 
In a dog with creation of an A-V nodal block, 
bipolar electrical recordings from sinoatrial node 
(S-A node), coronary sinus, atrioventricular node (A-V 
node), left atrial portion of Bachmann's Bundle, and 
right ventricular portion of Purkinje system (right 
bundle) are recorded along with contractile force from 
left atrium (LAF), anterior left ventricle (LVAF), and 
right sinus(RSF). Normal sequence of electrical exci-
tation (left panel) originates in the S-A node. Ini-
tiation of dysrhythmia (right panel) causes a rapid 
atrial excitation originating in coronary sinus region 
that ceases abruptly when stimulus is stopped (arrows). 
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FIGURE 8 
VLCN STIMULATION IN A RESERPINIZED DOG 
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FIGURE 8 
LEGEND 
Bipolar electrical recordings from S-A node (SA) , 
anterior internodal pathway (AIN), posterior internodal 
pathway (PIN), left atrial muscle (LAE), and right ven-
tricular epicardium (RVE) are illustrated along with 
right atrial force (RA force), left atrial force (LA 
force), and right ventricular force (RV force) in a_re-
serpinized dog before and during (arrows denotes start) 
6-volt stimulation of lower VLCN. Note lack of change 
during stimulation. 
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catecholamine depletion by reserpine. During control the 
s-A node electrode was excited first, followed by the 
anterior internodal pathway, next by the posterior in-
ternodal pathway, next by the left atrium, and finally 
by the right ventricular epicardial surface. Right and 
left atrial and right ventricular contractile forces 
are also shown. Stimulation of the VLCN (10 Hz, 5 ms, 
6 volts) caused no rate or rhythm (right panel) changes. 
It is emphasized that this stimulation intensity was 
invariably supramaximal in-the absence of reserpine. 
Furthermore, all induced tachydysrhythrnias were the re-
sult of direct VLCN efferent innervation. Bilateral 
cervical vagotomy and stellatectomy had no effects on 
tachydysrhythmia induction. 
I. B. Analysis of VLCN Tachydysrhythmias 
In 15 additional dogs more detailed analysis of 
the VLCN induced tachydysrhythmias was performed. Bi-
polar electrodes and a Hoffman A-V node plaque elec-
trode were employed for local and His bundle electro-
grams and all dogs were maintained on total cardiopul-
monary bypass. In most dogs, the vagi and stellates 
were decentralized, but tachydysrhythmias induced be-
fore decentralization remained identical to those after 
decentralization. 
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Submaximal stimulation of the pericardial VLCN 
(0.5 to 4.0 volts in normal dogs or up to 6.0 volts in 
partially reserpinized dogs) induced irregular tachydys-
rhythmia patterns. Figure 9 illustrates a typical minor 
dysrhythmic pattern during submaximal stimulation. In 
the first sequence the initial depolarization arose 
nearest the posterior internodal electrode and it 
spread cranially toward the S-A nodal area and caudally 
through the A-V node bundle of His and finally to the 
ventricles. The precise location of the pacemaker can-
not be determined from these tracings, but the excita-
tion appeared first at the posterior internodal elec-
trode. This low posterior internodal pacemaker was 
common for this dog; the A-H interval was 75 msec (with-
in normal ranges) and the H-V interval was 90 msec 
(longer than control value probably due to suture in-
jury} with a total cycle length of 380 msec (heart rate 
157 beats/min). In the second sequence atrial activa-
tion was similar, to that in the first except that the 
His depolarization was not present indicating that 
either the depolarization bypassed the A-V node and/or 
bundle of His (as in ventricular pre-excitation) or 
that a ventricular ectopic focus arose just before nor-
mal His activation. The second line was continuous with 
' 
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FIGURE 9 
MINOR DYSRHYTHMIAS WITH SUBMAXIMAL VLCN STIMULATION 
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Minor dysrhythmias induced by ventral lateral car-
diac nerve stimulation {VLCN). Abbreviations and time 
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line as in Figure 3. Channel 1 is the His bundle elec-
trogram, channel 2 is an S-A nodal electrogram, channels 
3-5 are internodal pathway electrogram and channel 6 is a 
right ventricle electrogram {over the right bundle branch). 
~ I ,
the first (200 msec deleted), and the third sequence was 
normal. However, the fourth sequence involved a prema-
ture atrial depolarization associated with initial ac-
tivation from an ectopic focus nearest the anterior in-
ternodal electrode. The A-H interval was 80 msec, but 
the H-V interval was reduced to about 30 msec (possibly 
due to A-V nodal bypass fibers or a premature ventricu-
lar depolarization). This ectopic focus predominated 
for two cycles as noted again in the fifth sequence 
(120 msec deleted between the fourth and fifth se-
quences). However, in the sixth sequence atrial acti-
vation was delayed and a new ectopic focus arose in 
or near the His bundle. The depolarization wave spread 
from the His bundle caudally to the ventricles and may 
have spread cranially to the right atrium. lVhether 
this cranial spread from the His bundle to the right 
atrium actually occurred cannot be determined since the 
normal right atrial pacemaker was located low in the 
atrium. Both retrograde spread from the His and a 
posterior internodal pacemaker would result in the ob-
served right atrial activation pattern. After the 
sixth cycle four normal sequences have been omitted. 
The seventh sequence was normal, but the eight sequence 
was similar to the fourth, again being premature from a 
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focus near the S-A and anterior internodal electrodes. 
unlike the fourth sequence, however, the H-V interval 
was control. After this last sequence there was a pause 
of 430 msec; then the control posterior internodal 
rhythm resumed. 
Maximal stimulation of the· pericardia! VLCN (2.0 
to 9.0 volts) induced a tachydysrhyth~ia pattern pecu-
liar to each dog. Most tachydysrhythmias were inter-
preted to arise from ectopic foci located in the lower 
right atrium - upper ventricular septum area. In su-
praventricular tachydysrhythmias a degree of depressed 
A-V nodal conduction frequently occurred. Figure 10 il-
lustrates the induction of MIN focal tachydysrhythmia 
with supramaximal stimulation of the VLCN (10 Hz, 5 ms, 
8.0 volts). The dysrhythmia began with irregular rate 
and depressed A-V conduction and became an established 
tachydysrhythmia with 2:1 second degree heart block. 
The first cycle indicated a pacemaker near the anterior 
internodal electrode with spread to the S-A node and 
lower right atrial areas. There was a long A-H inter-
val (110 msec) with a control of H-V interval of 75 msec. 
The second atrial depolarization was premature and from 
the same anterior internodal pacemaker; the A-H interval 
was increased to 145 msec with no change in the H-V 
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FIGURE 10 
PROGRESSING WENCKEBACH (HOBITZ I) TACHYDYSRHYTHMIA 
INDUCED BY VLCN STIMULATION 
VLCN STIMULATION 
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Progressing Wenckebach rhythms induced during 
ventral lateral cardiac nerve stimulation (VLCN). Ab-
breviations and time line as in Figure 3. 
interval. The next atrial-depolarization was premature 
with initial excitation in the S-A nodal area (caudal 
s-A node with MIN before AIN) and A-H interval of 160 
msec, again without change in the H-V interval. Finally, 
the last atrial depolarization in the top line was marked 
by initial activation near the middle internodal elec-
trode and the A-H interval was infinite: hence, a 4:3 
wenckebach (Mobitz 1) rhythm. The second line of re-
cordings was continuous with the first. Atrial depola-
rizations were again initiated near the middle inter-
nodal electrode location. The first A-H interval was 
90 msec, the second 130 msec; the last in the series 
was infinite. Thus, the previous 4:3 Wenckebach rhythm 
had progressed to a 3:2 ratio. This 3:2 rhythm con-
tinued for two more series which were deleted and were 
following by the third line in which the atrial depola-
rizations were all initiated nearest the MIN electrode. 
The first A-H interval was again 90 msec, the second 
infinite. The third was 125 msec, and the fourth in-
finite. Thus, the 3:2 Wenckebach rhythm progressed to 
2:1 heart block. Finally, an atrial pacemaker near the 
middle internodal electrode was established (as noted in 
the final line) with a cycle length of 145 msec or a 
corresponding atrial rate of 412/min, and a ventricular 
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rate of 206/min. 
An example of a VLCN induced tachydysrhythmia 
~hich focuses from the upper ventricular septal area is 
illustrated in Figure 11. This Figure is from a contin-
uous record of 12 depolarization sequences (100 msec have 
been deleted between each sequence, and three intermedi-
ate sequences have been deleted) during a 10 Hz, 5 ms, 
6 volt stimulation of the pericardial VLCN. The first 
sequence represented a depolarization pattern with high 
right atrial activation, followed by low right atrial 
activation, the His electrogram, and finally by ven-
tricular activation. The guide line illustrates the 
cranial to caudal activation pattern in the right 
atrium. The cycle length (S-A node to S-A node) was 
340 msec (heart rate of 176 beats/min). Stimulation of 
the VLCN established a secondary pacemaker in or near 
the bundle of His, first indicated in the second se-
quence as an apparent shortening of the A-H interval. 
Without the previous or following depolarization se-
quences for reference, this shortened A-H interval 
might be interpreted as pre-excitation via James bypass 
fibers (see Literature Review). In the third and fourth 
sequences, no distinct H depolarizations occurred and 
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FIGURE 11 
VLCN INDUCED HIS BUNDLE TACHYDYSRHYTHMIA 
V LCN STIMULATION 
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Bundle of His pacemaker induced by ventrolateral 
cardiac nerve stimulation (VLCN) • Abbreviations and 
time lines as in Figure 3. Guide line in first sequence 
denotes cranial to caudal activation in the right atrium; 
guide line in last sequence denotes caudal to cranial 
right atrial activation. · 
'1.1 
could be postulated. Note that in the first five se-
quences the right atrial pacemaker was closest to the 
s-A node electrode and right atrial activation patterns 
were still cranial to caudal. In the fifth sequence, · 
the His depolarization (due to a pacemaker near the His 
bundle) "emerged from" the "a" component. This His 
pacemaker drove the ventricles since the H-V interval 
was unchanged from control at 60 msec. Thus, it must 
be assumed as a result of VLCN stimulation, two pace-
makers were functional at this time, one in or near 
the His bundle and the other in or near the S-A node. 
In the sixth sequence, the PIN deflection preceded the 
MIN deflection indicating entry of the His pacemaker 
depolarization wave into the right atrium. It must be 
assumed that the two depolarization waves were colliding 
in the inferior right atrium. In the seventh and eighth 
sequences, this collision proceeded more cranially due 
to the increasing rate of the His pacemaker. In the 
seventh sequence, the right atrial electrograms appear 
to occur almost simultaneous. Finally, in the final 
sequence the His pacemaker was established with a 
cycle length of 325 msec (heart rate of 185/min). This 
His pacemaker dominated the ventricles (H-V still con-
trol 60 msec) and the right atrium. The final guide 
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line illustrates the caudad to craniad (His-PIN-MIN-AIN-
SA) activation pattern in the right atrium (157). The 
VLCN induced His pacemaker was probably near the His-AV 
nodal junction since the H-V interval was unchanged from 
control and the H deflection morphology unchanged. Upon 
termination of the VLCN stimulation, the S-A nodal pace-
maker slowly became dominant as the His pacemaker slowed. 
sequential patterns in reverse of those described above 
were observed. 
In some dogs stimulation of the VLCN induced ven-
tricular tachydysrhythmias; Figure 12 illustrates such 
a tachydysrhythmia. The establishment of a second (ven-
tricular) pacemaker occurred during 10 Hz, 5 ms, 4 volt 
stimulation of the pericardia! VLCN. The first se-
quence indicated initial high right atrial activation 
nearest the AIN electrode with depolarization spreading 
caudally to the A-V node. The guide line illustrates 
the craniad to caudad activation pattern in the right 
atrium. Control heart rate (AIN to AIN cycle length 
430 msec) was 139/min; the A-H interval was 50 msec and 
the H-V interval was 45 msec, both within normal range 
limits. Stimulation of the VLCN resulted in apparent A-V 
dissociation. The atrial pacemaker remained high in the 
right atrium close to the AIN electrode with a cycle 
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FIGURE 12 
VLCN INDUCED VENTRICULAR TACHYDYSRHYTHMIA 
VLCN STIMULATION 
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Ventricular pacemaker induced by ventrolateral 
cardiac nerve stimulation (VLCN). Abbreviations, time 
line and guide lines as in Figure 11. 
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length of 430 msec. However, emergence of a ventricular 
pacemaker with a faster rate (cycle length 380 msec, heart 
rate 157/min) occurred (fourth cycle) as reflected in the 
RBB and His electrograms. 1 In the first three sequences, 
the right atrial activation patterns were identical, how-
ever, in the 4th sequence (as the V pacemaker emerges) 
the PIN atrial component preceded the MIN thus indicating 
entry of the ventricular depolarization into the inferior 
right atrium with collision of the 2 waves. This colli-
sion proceeded more cranially in the fifth sequence due to 
the faster ventricular rate. In the final sequence the 
ventricular pacemaker was established and dominated the 
right atrium. The guide line indicates caudad to era-
nidad (PIN-MIN-AIN-SA) right atrial activation. With 
the ventricular pacemaker, no retrograde His deflection 
was seen. This may have been due to retrograde disso-
ciated conduction in the His bundle (114) or bypass of 
the His bundle and A-V node from the ventricle to the 
atria (235). Exact localization of the ventricular pace-
maker was impossible but it was postulated to be in the 
proximal right bundle branch. This postulation was based 
upon the minimal changes in the RBB electrogram morphol-
ogy and the reverse timing between the RBB electrogram 
deflection and the ventricular electrotonic component 
i 
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of the PIN electrogram. 
Most VLCN induced tachydysrhythmias stopped upon 
cessation of the electrical stimulation. However, it 
was not uncommon for a tachydysrhythmia to continue for 
several seconds after the stimulation, and in a few ani-
mals, induced tachydysrhythmias continued for many min-
utes. Most of these continuing tachydysrhythmias stopped 
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spontaneously. However, it was possible in some cases to 
stop the tachydysrhythmia with distal vagal stimulation 
and at times to aggrevate the tachydysrhythmia into atrial 
fibrillation. Figure 13 demonstrates a post-stimulatory 
continuing tachydysrhythmia that was established with a 
10 second VLCN at standard parameters (10Hz, 5 ms, 4 v). 
The dysrhythmia had continued for more than 3 minutes 
after the stimulation ceased prior to the time this se-
quence of beats was recorded. This supraventricular 
tachydysrhythmia, initiated from a low right atrial fo-
cus, is the most common dysrhythmia elicited by VLCN 
stimulation. The pacemaker appeared to be in the A-V 
node junctional area with cranial spread to the S-A 
nodal area during the first cycle. The cycle length was 
115 msec or an atrial rate of 520/min. The ventricles 
could not follow and were excited at a slower rate (270/ 
min). In the His electrogram {not shown here) each 
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FIGURE 13 
VLCN INDUCED, POST-STIMULATORY 
CONTINUING TACHYDYSRHYTHMIA 
pOST STIMULATORY CONTINUING TACHYOYSAHYTHMIA 
SA~~-~-------~y.~~~------~~~-------~~~------~~~A--------~~--
AV..J 
LV~rv-----------~~~ 
RIGHT CERVICAL VAGUS STIMULATION 
-----~------~-----~----~~ - ~-------~------~ 
------~~-------------~---------------~------
ATRIAL FIBRILLATION 
.........., u vlv,... _ __.,..,,_. • .,.. ---?-
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100 MS 
Post-stimulatory continuing tachydysrhythmia. 
AVJ = atrioventricular junction; LV = left ventricle; 
SA = sinoatrial node. Time line = 100 msec. 
tricular depolarization was preceded by a His depola-ven 
. ation. An attempt to terminate this continuing dys-
rJ.Z 
rhythmia was made by stimulation of the distal cut end 
of the cervical vagus, a procedure that was effective 
in about half the continuing tachydysrhythrnias. The rec-
ord indicated that the right cervical vagal stimulation 
had a minor effect on the atrial pacemaker which con-
tinued at its fast rate but A-V conduction was further 
decreased, as indicated by the greatly decreased ven-
tricular rate (about 120/min). Continued vagal stimula-
tion then precipitated atrial fibrillation, as noted in 
the last series. Left cervical vagal stimulation termi-
nated the dysrhythmia. In about half of the instances 
of post-stimulatory continuing tachydysrhythmia, vagal 
stimulation (left or right) terminated the dysrhythmia. 
Table I summarizes the induced tachydysrhythmias 
elicited by pericardia! VLCN stimulation. Analysis of 
the VLCN induced tachydysrhythmias revealed that a va-
riety of dysrhythrnias can develop. In any single dog, 
one to three focal tachydysrhythrnias were induced de-
pending upon the electrode placement along the VLCN and 
the intensity of the stimulating voltage. This variety 
may indicate remarkable variability of innervation dis-
tribution by the VLCN between dogs. 
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TABLE I 
VLCN INDUCED TACHYDYSRHYTHMIAS 
TABLE I 
T<tdlydysrhythmiu lmlucecl by Electrical Stimulation of the Ventral Lat.ral Cardiac Nerve 
AV 
Animal Nodal AIN MIN PIN AVJ HIS Venl 
1 1 1.5 0.6 
2 6 4 
3 6 3 
4R 1 6 
5R 4 5 
65 
75 6 8 
8 1 4 
95 5 4 4 
10 3. 5 
11 2 2 
12 2 .-.. 
l3 2 2 
14 2 1 
15 4 4 3 
The electrode nearest the induced ectopic focus 
is indicated by the voltage required to induce a tachy-
dysrhythmia. Dogs 4R and SR were pretreated with re-
serpine; dogs 68, 78 and 98 underwent prior partial 
surgical sympathectomy. AIN = anterior internodal 
pathw~y; AV = atrioventricular; AVJ = atrioventricular 
nodal junction; HIS = bundle of His; LA = left atrium; 
MIN = middle internodal pathway; PIN = posterior inter-
nodal pathway; V~nt. = ventricle. 
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In general however, the VLCN induced dysrhyth-
mias with foci around the A-V node, probably re-
flects the general innervation of the VLCN to the in-
ferior right atrium - superior interventricular septum 
area. Thus, a total of 16 instances of tachydysrhythmia 
occurred within the myocardial segments influencing the 
electrograms from A-V nodal, coronary sinus (PIN), A-V 
junctional (AVJ), and His bundle regions. It is also 
perhaps significant that a majority of these were eli-
cited by relatively low intensity stimulation voltages. 
The general analysis and conclusions of a VLCN 
induced ectopic focus were supported by the total lack 
of re-entrant type activation sequences. Furthermore, 
in 3 dogs surgical severance of the 3 internodal tracts 
and the His bundle failed to block this induced tachy-
dysrhythmia. These surgical interventions eliminated 
the possible right atrial routes for macro-reentry 
(but not micro-reentry) within the atrium and/or A-V 
node - His bundle. 
I. C. The Pharmacology of VLCN Tachydysrhythmias 
Based on the hypothesis that electrical stimula-
tion of the pericardial VLCN was equivalent to stimula-
tion of another autonomic nerve (153), traditional 
pharmacologic agents which competitively block the 
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post-synaptic membrane "receptor(s)" were employed to 
block the effects of VLCN stimulation (68). It was 
assumed that the pericardial VLCN is predominantly a 
post-ganglionic sympathetic nerve since most pregangli-
onic synapses of cardiac sympathetic nerves in the dog 
' ' 
occur in the caudal cervical ganglion (232}. In addi-
tion, sympathetic stimulation augments inotropic, dro-
motropic and chronotropic mechanisms and therefore could 
possibly mediate a tachydysrhythmia. Due to the numerous 
interconnections between the thoracic vagus and the VLCN, 
the possibility of stimulation of preganglionic and post-
ganglionic para~ympathetio neurons was also considered 
(see Figure 1 in Methods). However, due to the predomi-
nate negative chronotropic, inotropic, and dromotropic 
effects of parasympathetic stimulation (83}, these fi-
bers were thought not to participate in a tachydys-
rhythmias. 
The various conventional neural receptors which 
might be present at the VLCN-myocardial synapse are alpha 
and beta adrenergic and muscarinic cholinergic. In the 
event of a cardiac ganglion in the neural connection to 
the heart, a cholinergic nicotinic receptor must be con-
sidered (68). 
In order to pharmacologically block the cardiac 
80 
adrenergic beta receptors propranolol was intravenously 
administered to 14 dogs. Stimulation of the pericardial 
VLCN induced a tachydysrhythmia similar to one seen be-
fore beta blockade. The tachydysrhythmia foci after 
propranolol were slightly slower and the degree of A-V 
block was increased. The effectiveness of the beta 
blockade was tested and verified by lack of chronotropic 
and dromotropic .responses to stellate ganglion stimula-
tion. In addition to propranolol, two other beta 
blocking agents were employed to prevent VLCN tachy-
dysrhythmias. Cardio-specific tolamalol (i.v. admin-
istration in 2 dogs) and practolol (66, 211) (i.v. ad-
ministration in a dog} both failed to prevent VLCN in-
duced tachydysrhythmias. 
In order to block the cardiac alpha adrenergic 
receptors phenoxybenzamine (10 dogs} or phentolamine 
(4 dogs) were intravenously administered. Neither 
agent alone or in combination with propranolol pre-
vented VLCN induced tachydysrhythmias. 
Intravenous injection of the anti-adrenergic 
drug bretylium (3 dogs} did not block VLC~~ induced 
tachydysrhythmias. In 7 dogs, intravenous anti-adre-
nergic guanethidine failed to prevent VLCN induced 
tachydysrhythmias unless (in 3 dogs) administered with 
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agents such as quinidine, propranolol, or apridine. 
other 
Reserpinization was performed in 7 dogs by pre-
atment with 0.3 to 0.5 mg/kg over 3 to 5 days. In tre 
onlY one of the 7 dogs could VLCN tachydysrhythmias not 
be induced (Figure 9). However, if reserpinized dogs 
were also treated with phenoxybenzamine, VLCN tachydys-
rhythmias were blocked in 4 out of 5 experiments. This 
prevention of VLCN tachydysrhythmias with these combined 
agents probably results from the cardiotoxic effects of 
these drugs rather than their blocking action (84, 104, 
118). 
Atropine sulfate was·intravenously administered 
in 14 dogs to block the cardiac muscarinic cholinergic 
receptors. Stimulation of the VLCN after atropine 
still induced tachydysrhythmias. The effectiveness of 
the atropine block was tested and verified by lack of 
chronotropic and dromotropic effects with cervical va-
gal stimulation. Atropine in combination with pro-
pranolol or with alpha blocker failed to prevent VLCN 
induced tachydysrhythmias. However, in 2 of 7 dogs 
after atropine, beta blocker and alpha blocker, VLCN 
induced tachydysrhythmias could not be elicited. 
Block of the cardiac cholinergic nicotinic re-
ceptors with hexamethonium in 5 dogs failed to prevent 
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VLCN induced tachydysrhythrnias. 
Intravenous administrations of the cardiac anti-
arrhythmic agents quinidine (6 dogs), digoxin (2 dogs), 
and dephenylhydantoin (4 dogs), all failed to prevent 
VLCN induced tachydysrhythmias. 
Intravenous administrations of local neural anes-
thetic agents have been partially successful in blocking 
VLCN induced tachydysrhythmias. Lidocaine completely 
abolished VLCN induced tachydysrhythmias in 3 of the 6 
dogs in which it was injected. In the remaining 3 dogs, 
the induced tachydysrhythmia required greater stimu-
lating voltage. These differences may depend upon the 
lidocaine concentrations in the myocardium. In 8 of 8 
dogs, lidocaine injected directly into the pericardia! 
VLCN prevented the neurally induced tachydysrhythmias. 
Procaine terminated and prevented VLCN induced tachy-
dysrhythmias in 2 of 3 dogs in which it was intra-
venously administered. 
Not wishing to postulate a new receptor or neuro-
transmitter at this time, efforts were made to deliver 
more concentrated doses of blocking agents to the VLCN -
myocardial synaptic area. Since analysis of the tachy-
dysrhythmias in section I.B. indicated predominate dis-
tribution of the pericardia! VLCN to the inferior right 
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;urn - upper ventricular septum area, efforts were made 
atr .... 
to deliver drugs to this area alone. While on total car-
d ·opulmonary bypass, the hearts of 11 dogs were fibril-~ -
lated and the A-V nodal artery isolated according to 
James (see Methods section for details) and cannulated 
for verification and drug injections after D.C. car-
dioversion. 
In Figure 14, the injection of acetylcholine into 
the oerfused A-V nodal artery is illustrated with 
optical oscillograph recordings. During control (left 
panel) the S-A nodal electrode was activated first and 
depolarization occurred in a normal superior to infer-
ior direction. The s-A node cycle length was 40 5 msec 
(heart rate 148/min). The A-H interval during the con-
trol sequences was 70 msec and the H-V interval was 45 
msec, both values within accepted normal limits. During 
acetylcholine infusion of the A-V nodal artery (right 
panel) complete heart block occurred. The S-A nodal 
cycle length remained at 405 msec and right atrial ac-
tivation was unchanged, however, the A-H interval was 
nmv infinite. During this transient (20-30 second) 
period of complete heart block, an occasional ventricu-
lar escape beat occurred. An escape beat is illustrated 
in this Figure and was characterized by the inverted His 
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FIGURE 14 
ACETYLCHOLINE INFUSION INTO THE AV NODAL ARTERY 
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Effects of acetylcholine (ACh) infusion into the 
A-V nodal artery. Abbreviations same as in Figure 3. 
LA = left atrial electrogram. ECG = limb lead II elec-
trocardiogram. Vertical lines occur every 100 msec. 
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deflection and reverse timing of the ventricular and 
atrial components of the PIN and LA electrograms. This 
escape was postulated to arise in a bundle branch since 
the His deflection was before the ventricular component 
of the His electrogram and the right ventricular elec-
trogram. Furthermore, the right ventricular electro-
gram preceded the electrotonic ventricular deflection 
of the LA electrogram. 
Of the 11 dogs in which the A-V nodal artery 
wqs isolated and acetylcholine perfused, 7 dogs re-
sponded with transient heart block and were considered 
positive verification for the A-V node perfusion. At 
the end of each experiment, the heart was removed from 
the dog and the right atrium and ventricle exposed. 
Perfusion of the A-V nodal artery with India ink re-
sulted in the inkts discoloration of the inferior 
right atrium and superior right ventricle (free wall 
and septum). In the 4 dogs in which no degree of heart 
block was induced by acetylcholine infusion (up to 10 
mg) into the isolated artery, no A-V nodal perfusion 
was assumed and no drugs were injected. India ink per-
fused into these arteries at the end of each experi-
ment generally discolored the right ventricle only. 
With positive verification of A-V node perfusion, 
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·ous blocking agents were employed to prevent VLCN 
var~ 
tachydysrhythmias. In Figure 15 (left panel) stimula-
. n of the pericardial VLCN (10 Hz, 5 ms, 5 volts) t~O 
after isolation of the A-V nodal artery induced a tachy-
aysrhythmia which originated near the MIN and PIN elec-
trodes (arrow). The control rhythm and rate along with 
verification of the A-V node perfusion was seen in 
Figure 14. Perfusion of the A-V node with phenoxyben-
zamine (2 mg), propranolol (1 mg), and atropine (1 mg) 
had no effect upon the VLCN induced tachydysrhythmia. 
The middle panel of Figure 15 illustrates the same 
MIN/PIN tachydysrhythmia with VLCN stimulation (10 Hz, 
5 rns, 6 volts) as seen before blocker perfusion. In 
the final panel of Figure 15, stimulation of the peri-
cardial VLCN (10 Hz, 5 ms, 8 volts) after perfusion 
of the A-V node with 20 mg of lidocaine resulted in 
tachydysrhythmia. This tachydysrhythmia began near 
the AIN electrode (arrow) not the MIN/PIN electrodes 
as before A-V node perfusion with lidocaine. The area 
near the AIN electrode (at Bachmannts Bundle) was not 
discolored (and therefore assumed not to have been 
perfused) by India ink at the end of the experiment. 
Perfusion of the A-V node with propranolol (6 
dogs) and practolol (1 dog) failed to prevent VLCN 
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FIGURE 15 
VLCN TACHYDYSRHYTHMIA WITH AUTONOMIC BLOCKING AGENTS 
INJECTED INTO THE AV NODAL ARTERY 
Effects of pharmacological blocking agents and 
lidocaine injected into the A-V nodal artery upon VLCN 
induced tachydysrhythmias. Abbreviations and time lines 
as in Figure 14. Arrows indicate site(s} of initial 
electrical activation. Guide lines indicate craniad-
caudad activation patterns. 
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induced tachydysrhythmias. Perfusion of the A-V node 
0 'th alpha receptor blockers (phenoxybenzamine 4 dogs, 
w~ 
phentolamine 1 dog) also failed to prevent VLCN induced 
tachydysrhythmias. Bretylium perfused into one A-V 
node also failed to block the tachydysrhythmias. 
Perfusion of the A-V node with atropine (6 dogs) 
failed to prevent VLCN induced tachydysrhythmias alone 
or with the alpha and beta adrenergic blockers (3 of 4 
dogs). In one instance, all 3 agents together blocked 
the tachydysrhythmias. 
Perfusion of the A-V node with quinidine (2 dogs), 
digoxin (1 dog), or diphenylhydantoin (1 dog) failed to 
prevent VLCN induced tachydysrhythmias. 
Perfusion of the A-V node with lidocaine in 5 
dogs failed to block VLCN tachydysrhythmias. The per-
fusion of the A-V nodal artery with lidocaine didn't 
block the tachydysrhythmias but in 3 dogs shifted the 
ectopic focus to an area not perfused by the A-V nodal 
artery (Figure 15). This suggests sufficient lidocaine 
concentration in part but not all of the VLCN innervated 
areas of the heart. In the remaining 2 dogs, the ori-
ginal tachydysrhythmias were from foci not perfused by 
the A-V nodal artery (AIN and LA) • 
In conclusion, pharmacological attempts to prevent 
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VLCN induced tachydysrhythmias were largely unsuccessful 
in terms of accepted neural blocking agents. Intrave-
nous and A-V nodal artery administrations were both inef-
fective routes, thus indicating blocking agent concen-
trations were sufficiently high for normal receptor 
blockade. Only when various drugs were given in doses 
and/or combinations to induce cardiotoxic or anesthetic 
effects were the VLCN tachydysrhythmias prevented. 
In addition to the drugs reported above, five 
additional agents were employed in preliminary studies 
to prevent the VLCN tachydysrhythmias. Apridine (an 
anti-calcium current drug) (i.v. - 2 dogs), verapamil 
(an anti-calcium current drug) (i.v. - 2 dogs), bena-
dryl (an anti-histamine agent) (i.v. - 1 dog and AVN -
1 dog) , edrophonium (an anti-acetylcholinesterase agent) 
(i.v. - 1 dog) and cryoheptadine (an anti-serotonin 
agent) (i.v. 3 dogs) were all unsuccessful in pre-
venting VLCN induced tachydysrhythmias. 
Table II summarizes the various neural blocking 
agents and anti-arrhythmic agents employed to prevent 
the VLCN induced tachydysrhythmias. The number of times 
a drug was tested is recorded across from the drug name 
and below the route of administration. 
I' 
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TABLE II 
PHARMACOLOGIC AGENTS EMPLOYED AGAINST VLCN 
INDUCED TACHYDYSRHYTHHIAS 
I. V. A.V.N. 
30 Dogs 7 Dogs 
1. Propranolol 14 6 
2. Tolarnalol 2 
3. Practolol 1 1 
4. Phenoxybenzarnine 10 4 
5. Phentolamine 4 1 
6. Bretyliurn 3 1 
7. Guanethidine 71 
8. Reserpine 72 
9. Atropine 143 67 
10. Hexamethonium 5 
11. Quinidine 6 2 
12. Digoxin 2 1 
13. Diphenylhydantoin 4 1 
14. Lidocaine 64 58 
15. Procaine 35 
16. Other6 9 l II 
I' 
1. 
2. 
TABLE II 
FOOTNOTES 
In 3 dogs, guanethidine with other agents (quinidine, 
prooranolol or apridine) prevented VLCN tachydys-
rhythrnia. 
In 1 dog, reserpine alone blocked VLCN tachydys-
rhythrnias. In 4 reserpinized dogs treated with 
phanoxybenzamine, the VLCN tachydysrhythmias were 
blocked. 
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3. In 2 dogs, atropine with propranolol and alpha blocker 
prevented VLCN tachydysrhythrnias. 
4. 
5. 
6. 
7. 
8. 
Tachydysrhythmias blocked in 3 dogs; modified in 3 
dogs. Lidocaine into the pericardial VLCN blocked in 
8 out of 8 additional dogs. 
Tachydysrhythrnias prevented in 2 dogs. 
Apridine, verapamil, edrophonium, benadryl, and cry-
roheptadine - without tachydysrhythmia prevention. 
Tachydysrhythmias prevented in 1 dog with atropine 
and alpha blocker and propranolol. 
Tachydysrhythrnia focus shifted in 3 dogs. 
LEGEND 
Summary of autonomic blocking drugs and anti-arrhyth-
mic agents employed against VLCN tachydysrhythmias. The 
number of times a drug was tested is listed across from 
the drug and below the route of administration. 
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Neurally Induced Bradydysrhythmi as 
This section will deal with ind~ction and analysis 
of cardiac bradydysrhythmias which res~lt from electri-
cal stimulation (20 Hz, 5 msec, 4 volts) of the thoracic 
vagus nerves and their small cardiac branches. The in-
duced bradydysrhythmias are a result of the efferent in-
nervation of the stimulated vagal branch as well as the 
ipsilateral and contralateral effects ~hich result from 
stimulation of the afferent components of the vagal 
branch. These direct and reflex comportents can be sep-
arated by stimulations before and after ipsilateral and 
contralateral cervical vagotomies. 
In this section, 12 acute experiments are re-
ported and all recordings were with the Midwest Optical 
oscillograph. In most dogs, complete Clirect and re-
flex, or right and left studies were performed. In 
some dogs however, only right or only left or only 
efferent results were obtained (see Methods section). 
II. A. Left Thoracic Vagal Nerves 
Most if not all, of the efferent cardioinhibitory 
fibers to the heart from the left thoracic vagus were 
carried in the cardiac branches of the recurrent laryn-
geal nerve. Electrical stimulation of the efferent left 
recurrent laryngeal nerve always deere ased heart rate 
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and often depressed A-V conduction. However, besides ef-
nt innervation, this nerve and its branches also fere 
_, afferent fibers via the vagus which when stimulated 
car•J 
can induce reflex bradydysrhythmia. Figures 16 and 17· 
illustrate typical differential afferent and efferent 
effects. In Figure 16, the 8 oscillograph tracings are 
HiS bundle electrogram, S-A nodal electrogram, anterior 
internodal pathway electrogram, coronary sinus electro-
gram, left atrium electrogram, ventricular electrograms, 
and finally a lead II ECG. 
The first panel illustrates the control rhythm 
while both vagi remained intact. The pacemaker was lo-
cated functionally and/or anatomically nearest the S-A 
nodal electrode and had a cycle length of 420 msec 
(heart rate 142/min); the A-H interval was 100 msec and 
the H-V interval was 35 msec (both within normal limits). 
In the second panel, stimulation of an intact cardiac 
branch of the left recurrent laryngeal nerve increased 
the S-A pacemaker cycle length to 830 msec (heart rate 
72/min) while the A-H interval remained at 100 msec and 
the H-V interval remained at 35 msec. This lack of de-
pressed A-V conduction was unique since left recurrent 
laryngeal nerve stimulation depressed A-V conduction in 
7 of 8 dogs. The amount of A-V delay ranged from 30 msec 
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FIGURE 16 
DIRECT AND REFLEX BRADYDYSRHYTHMIC EFFECTS OF STIMULATION 
OF A LEFT RECURRENT CARDIAC NERVE BRANCH 
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Direct and reflex effects of stimulation of a 
branch of the left recurrent cardiac nerve. Both vagi 
are intact. Abbreviation and time lines as in Figure 
14. CS = coronary sinus electrogram; RV = right ven-
tricle; LV = left ventricle. 
II 
to infinity (complete heart block). Right atrial conduc-
tion during control and stimulation remained from su-
perior to inferior with minor changes in electrode ac-
tivation which may indicate minor effects upon the pat-
tern of activation or conduction velocity. Similarly, 
the LV electrogram was slightly delayed in relation to 
the RV electrogram. 
In Figure 17,after left cervical vagotomy, the 
response to identical efferent nerve stimulation alone 
is illustrated. The S-A cycle length was increased from 
420 msec to 470 msec. The heart rate was slightly de-
creased to 127/min (from 142/min) and the A-H interval 
remained at 100 msec (possibly due to sympathetic with-
drawal). The right atrial activation pattern was simi-
lar to control activation and the RV and LV electro-
grams were activated together. Thus, much of the sinus 
bradycardia was reflexly induced since vagotomy abolished 
most of it. However, most of the A-V delay seen in other 
dogs during recurrent cardiac nerve stimulation was only 
slightly decreased by vagotomy indicating only minor re-
flex A-V depression. 
The left recurrent laryngeal nerve innervated the 
heart through multiple branches, and electrical stimula-
tion of these individual cardiac branches frequently 
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FIGURE 17 
DIRECT EFFECTS OF STIMULATION OF A LEFT RECURRENT 
CARDIAC NERVE BRANCH 
With the left cervical vagus sectioned, direct ef-
fe cts of stimulation of a branch of the left recurrent 
cardi ac nerve are seen. Abbreviations and time lines as 
in Figure 16. 
induced different responses. Figures 18-21 illustrate 
the unique responses of stimulation of the main nerve and 
three individual mixed afferent and efferent branches in 
one dog. In Figure 18, the control cycle length was 
J50 msec (heart rate 171/min) and the pacemaker was 
nearest the S-A nodal electrode; the A-H interval was 
so msec. Stimulation of the main left recurrent car-
diac nerve (20 Hz, 5 ms, 4 volts) induced moderate 
atrial bradycardia. The S-A cycle length increased to 
485 msec (heart rate 123/min) and complete heart block 
occurred above the bundle of His (note the absence of 
the H deflection). An independent slower irregular 
ventricular depolarization pattern emerged. Pacemaker 
location may have shifted within the S-A node during 
the stimulation since the right atrial activation pat-
tern was slightly shifted during the stimulation. The 
location of the ventricular escape~beat was probably 
very distal in the Purkinje system since no retrograde 
His deflection was seen and the V component and QRS 
complex were wide and inverted. 
Stimulation of this same main left recurrent car-
diac nerve after bilateral cervical vagotomy, induced 
a slight tachycardia (S-A to S-A cycle length 320 msec; 
heart rate of 187/min) with complete heart block. Thus 
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FIGURE 18 
BRADYDYSRHYTHMIA INDUCED BY STIMULATION OF THE 
LEFT RECURRENT CARDIAC NERVE 
Direct and reflex effects of stimulation of the 
main left recurrent cardiac nerve. Abbreviations and 
time lines as in Figure 14. 
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all of the bradycardia seen before vagotomy was reflexly 
induced \vhile the heart block effect ~vas directly induced. 
In Figure 19, stimulation (20 Hz, 5 ms, 4 volts) 
of a superior (craniad) branch of the main left recur-
rent nerve in the same dog (as Figure 18) decreased the 
s-A node cycle length to 290 msec (a cardiac accelera-
tion to 206/min from control 171/min). The right atrial 
activation was similar to the control pattern. First 
and second degree heart block were also induced with 
the stimulation. Alternate atrial impulses were blocked 
above the His bundle and conducted impulses were slowed 
so that the A-H interval was increased from 80 to 100 
msec. 
In Figure 20, stimulation (20 Hz, 5 ms, 4 volts) 
of the middle branch of the left recurrent cardiac 
nerve induced an irregular atrial rhythm. The pace-
maker remained nearest the S-A node electrode but de-
polarized with variable frequency. The right atrial 
activation pattern was similar to the control pattern. 
Again as with the stimulation of the superior branch, 
. first and second degree heart block were induced. How-
ever, the conducted impulses were more impaired and the 
A-H interval increased to 110 msec (from control 80 msec). 
The frequency of conducted impulses also decreased but 
FIGURE 19 
STIMULATION OF THE SUPERIOR BRANCH OF THE LEFT 
RECURRENT CARDIAC NERVE 
Direct and reflex effects of stimul ation of the 
s upe rior (craniad) branch of the left recurrent cardiac 
ne r ve. Abbreviations and time lines as in Figure 14. 
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FIGURE 20 
STIMULATION OF THE MIDDLE BRANCH OF THE LEFT 
RECURRENT CARDIAC NERVE 
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middle branch of the left recurrent cardiac nerve. Ab-
breviations as in Figure 14. 
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occurred sufficiently to prevent ventricular escape 
These effects indicate minor refleX S-A node 
innervation by this recurrent branch. 
In Figure 21, stimulation of the inferior (caudad) 
branch of the left recurrent cardiac nerve in the same 
dog decreased the S-A nodal cycle length from 350 to 
290 msec (a cardioacceleration from 171/min to 206/min). 
There was some degree of heart block as the A-H inter-
val increases from 80 to 100 msec and an occasional im-
pulse was blocked before the His bundle. The S-A node 
impulse resulted in a right atrial activation pattern 
like the control pattern. 
In conclusion, a significant portion of left va-
gal innervation of the heart is through its recurrent 
laryngeal (cardiac) nerve and its branches. Stimula.,.. 
tion of the individual cardiac branches of the recur-
rent cardiac nerve results in various degrees of reflex 
bradycardia and direct A-V node depression. 
II. B. Right Thoracic Vagal Nerves 
In contrast to the left thoracic vagal nerves of 
the heart which were predominately carried via the left 
recurrent cardiac nerve, the right thoracic vagal nerves 
of the heart were distributed in many nerves arising 
along the thoracic vagus from the caudal cervical 
I I 
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FIGURE 21 
STIMULATION OF THE INFERIOR BRANCH OF THE LEFT 
RECURRENT CARDIAC NERVE 
Direct and reflex effects of stimulation of the 
i nferior (caudad) branch of the left recurrent cardiac 
nerve. Abbreviations and time lines as in Figure 14. 
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ganglion to the level of the azygous and superior pul-
monary veins. These various nerves consist of both ef-
ferent and afferent fibers which when stimulated induce 
direct and/or reflex bradydysrhythmias. In some in-
stances, incorporation of sympathetic fibers only fur-
ther complicate the result of stimulation, and simul-
taneous atrial tachydysrhythmias have appeared concur-
rently with ventricular bradydysrhythmia. 
An example of the efferent and afferent com-
ponents of a bradydysrhythmia induced by right thor-
acic vagal nerve stimulation is illustrated in Figure 
22. The nerve stimulated was a branch of the main 
vagal trunk which .:lrose 4 em distal to the caudal 
cervical ganglion (it corresponds to one of the cauda-
vagal nerves of Mizeres) (150). 
In Figure 22, the control rhythm had a cycle 
length of 480 msec (heart rate 125/min) and the pace-
maker was located nearest the S-A nodal electrode with 
an A-H interval of 95 msec and an H-V interval of 35 
rnsec (both within normal limits). The right atrial 
activation pattern was from superior to inferior. 
Stimulation (20 Hz, 5 ms, 4 volts) of this major 
branch of the right thoracic vagus induced virtual 
cardiac asystole with left cervical vagus intact or 
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FIGURE 22 
BRADYDYSRHYTHMIAS INDUCED BY DIRECT AND REFLEX 
STIMULATION OF A RIGHT VAGAL CARDIAC NERVE 
cs 
l 
l-
Direct and ipsilateral reflex effects of stimula-
tion of a right vagal cardiac nerve. Abbreviations as 
in Figure 16. 
sectioned. There was only one escape beat during the 15 
second stimulation and it is shown in the middle panel 
of Figure 22. From analysis of the ventricular elec-
trograms (RV before LV), the widened QRS of the ECG, 
and the inverted His depolarization, it was postulated 
that this lone escape beat originated in the right bun-
dle branch. This ventricular escape impulse coursed 
craniad and depolarized the right atrium in a caudal 
to craniad direction (the CS electrode before the S-A 
electrode). 
In the right panel of Figure 22, stimulation of 
this same right vagal branch after right cervical va-
gotomy (and therefore elimination of the ipsilateral 
reflex route) resulted in S-A nodal bradycardia with a 
cycle length of 810 msec (heart rate 74/min). The A-H 
interval was only slightly shortened, indicating little 
or no blockade of A-V nodal conduction, and the H-V in-
terval was control 35 msec. 
Since virtual cardiac asystole was induced by a 
combination of both direct efferent stimulation of this 
right vagal branch, as well as by ipsilateral reflexes, 
stimulation of the distal end of the right cervical 
vagus (20 Hz, 5 ms, 4 volts) was also expected to induce 
virtual cardiac asystole. However, in Figure 23, this 
1~1 
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FIGURE 23 
VAGAL ESCAPE DURING STIMULATION OF THE DISTAL 
RIGHT CERVICAL VAGUS 
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Cardiac asystole with escape impulse during stim-
ulation of the distal r i ght cervical vagosympathetic 
t runk. Abbreviations and time lines as in Figure 16. 
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stimulation of the right thoracic vagus actually re-
sulted in an impulse originating in the A-V node ( 11 a" 
component of His electrogram) with increased AV nodal 
conduction rate (A-H interval 85 msec) and normal H-V 
interval of 35 msec. This was followed by an impulse 
vdth depressed AV nodal conduction (A-H interval 175 
rosec), altered pacemaker location (AIN), and prolonged 
H-V interval (140 msec). The ventricular electrograms 
again indicated right bundle branch escape. A final 
coronary sinus impulse occurred witn complete heart 
block above the His bundle. This was followed by a 
2.5 second period of asystole, then a right bundle 
branch escape as previously observed, except for the 
unexpected craniad to caudad right atrial activation 
pattern. 
The previous bradydysrhythmia was typical of 
those induced by stimulation of the numerous vagal 
branches in the right thorax, excepting varying de-
grees of reflex components and efferent bradycardia 
for each nerve. An example of a cardioinhibitory 
nerve whose effects were only reflexly mediated is il-
lustrated in Figure 24. 
The 8 electrograms were from lead II ECG, left 
atrium, right ventricle, posterior, middle and anterior 
FIGURE 24 
REFLEXLY INDUCED HIS BUNDLE DYSRHYTHMIA 
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Refl exly induced His bundle rhythm with stimula-
tion of a r ight vagal cardiac nerve. Abbreviations as 
in Figure 14. RV = right ventricle epicardiogram. 
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internodal pathways, S-A node, and His bundle. The first 
· c" panel illustrates control impulses in which the pace-
was located nearest the MIN electrode with a cycle 
maker 
length of 540 msec (heart rate 111/min); theA-Hinter~ 
val was 70 msec and the H-V interval was 35 msec. Stim-
ulation (20 Hz, 5 ms, 4 volts) of a large branch of the 
right thoracic vagus at the level of the azygous vein 
(right panel) induced a His bundle rhythm. The first 
depolarization was nearest the His bundle with a cycle 
length of 675 msec (heart rate 88/min). From this point 
the depolarization spread retrograde to the right atrium 
(PIN-MIN-AIN-SA node in sequence) and antegrade to the 
ventricles; note that the ventricular component of the 
His electrogram had the.same configuration as in the 
control cycle, thereby emphasizing the superior loca-
tion of the pacemaker. However, the His pacemaker ap-
pears to have been reflexly induced since right (ipsi-
lateral) cervical vagotomy eliminated it. There was no 
measureable efferent effects when this large nerve was 
stimulated after cervical vagotomy, thus amplifying the 
fact that it carried afferent fibers craniad in the 
vagus. It could not be determined if the efferent limb 
of the reflex was in the left or right vagus since sec-
tioning of the ipsilateral right vagus eliminated the 
afferent limb of the reflex. The efferent limb was con-
ceivably the left vagus or stellate since right side 
stimulation seldom induced His rhythm tachycardia or 
bradycardia. 
Vagal escape can also be analyzed by means of 
multiple local electrograms. In Figure 25, the elec-
trograms were recorded after bilateral cervical vagoto-
mies and during stimulation of the right thoracic va-
gus at a point distal to the caudal cervical ganglion. 
cardiac asystole was induced early in the stimulation 
and lasted until this group of impulses developed near 
the end of the stimulation. The first depolari_zation 
sequence arose from a pacemaker nearest the S-A elec-
trode; the A-H interval was 90 msec and the H-V inter-
val was 35 msec. The second atrial depolarization 
originated 175 msec later, this time from near the AIN 
electrode, but was blocked in the A-V node above the 
His bundle. The final atrial impulse again arose near 
the AIN electrode with an A-H interval of 140 msec and 
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the H-V interval was 35 msec. The left ventricular elec-
trogram preceded the right ventricular electrogram by 50 
msec and the QRS complex \vas inverted indicating partial 
right bundle branch blockade. A long period of asystole 
followed. 
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FIGURE 25 
SUPRAVENTRICULAR VAGAL ESCAPE IMPULSES DURING STIMULATION 
OF THE DISTAL RIGHT THORACIC VAGUS 
Supraventricular vagal escape bursts during stim-
ulation of the right distal thoracic vagosympathetic 
t runk. Abbreviaiions as in Figure 16. 
The bottom half of this Figure demonstrates a se-
cond series of rapid depolarizations 800 msec after the 
vagal stimulation was terminated. The first impulse 
arose nearest the S-A node electrode; the A-H interval 
was 90 msec and H-V interval 35 msec. The second im-
pulse originated nearest the AIN electrode and was 
blocked above the His bundle. The third impulse arose 
nearest the AIN electrode, and the A-H and H-V intervals 
were normal, although partial right bundle branch block-
ade was indicated in the ECG and ventricular electro-
grams. The mechanism of the right bundle branch block 
is unknown but might be due to partial block of the im-
pulse in only a part of the A-V node with selective 
Purkinje system activation. After a 500 msec atrial 
period of asystole, a normal S-A nodal rhythm resumed 
(cycle length 500 msec; A-H interval 90 msec and H-V in-
terval 35 msec) • 
In summary, stimulations of the right thoracic 
vagal nerves have indicated cardiac innervation via 
many nerves which carry efferent and afferent informa-
tion. The induced bradydysrhythmias from the nerve 
stimulations were a combination of direct pacemaker 
depression and reflex depression of the A-V node. 
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CHAPTER V 
DISCUSSION 
The influence of the autonomic nervous system 
upon cardiac rate and rhythm is well documented. Sym-
pathetic activation increases chronotropic, dromotropic, 
and inotropic mechanisms whereas parasympathetic acti-
vation decreases chronotropic, dromotropic, and ina-
tropic mechanisms (1, 83, 91, 132, l72). The partici-
pation of the autonomic nervous system in cardiac dys-
rhythmias is less clear. During arrhythmias it is dif-
ficult to separate the cause and effect relationships 
of the autonomic nervous system response with the gene-
sis and maintenance of the arrhythmia (1). 
During dysrhythmias there is irregular heart rate 
with subsequent irregular stroke volume. This irregular 
cardiac output generally results in decreased systemic 
blood pressure {80, 179). This decrease in blood pres-
sure evokes the well known baroreceptor reflexes (81) 
which tend to increase total peripheral resistance and 
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increase sympathetic activity to the heart. However, 
thiS reflexly induced cardiac sympathetic activity may 
in turn be a positive feedback mechanism which continues 
(not terminates) the dysrhythmia. Evidence for sympa-
thetic activation predisposing to the genesis of ar-
rhythmias was demonstrated by Moe, Han, and Mendez (72, 
148, 155). In their work, the temporal dispersion (or 
asynchrony or cardiac repolarization) increased with 
sympathetic stimulation. This sympathetically induced 
asynchrony was thought due to inhomogeneous distribu-
tion of the sympathetic fibers to the heart. This in-
homogeneous or localized innervation has been well 
documented by Randall and his colleagues (56, 171, 172). 
Furthermore, due to the homogeneous blood supply to 
the heart, intravenously administered autonomic neuro-
transmitters decrease temporal dispersion, that is in-
crease synchrony (71, 72). The disposition of auto-
nomic influences upon cardiac synchrony is critical 
for re-entrant type arrhythmias. With a re-entry me-
chanism, maximum dysynchrony must be achieved. When 
one area of the heart is depolarized another area must 
be repolarized, that is, to some degree out of phase. 
!his gap of repolarized tissue is critical for the 
occurrence of circus type movement (74). 
\'1' 
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The role of the parasympathetic nervous system in 
re-entrant type arrhythmias is unknown. However, it is 
possible that slow conduction and apparent one-way block, 
the two conditions which are necessary for re-entry (35), 
might be induced in the ventricles. Because of the 
sparse parasympathetic innervation of the ventricular 
myocardium and Purkinje system, direct or reflex dis-
crete activation of the cardiac parasympathetic nerves 
might release sufficient localized acetylcholine to 
produce transient local depressed conduction velocity 
and complete block (Figure 26). The transient acetyl-
choline effects will appear as the necessary one-way 
block of a re-entry pattern. Furthermore, the nega-
tive chronotropic effects of cardiac parasympathetic 
activation may reduce intrinsic heart rates which will 
allow a re-entrant impulse to become dominant. 
In addition to reflex cardiac sympathetic acti-
vation due to the arrhythmia induced hypotension, 
numerous cardiac receptors might be activated or de-
activated by an arrhythmia. The information (impulse 
traffic) from these receptors courses afferently in the 
individual cardiac sympathetic and parasympathetic 
nerves (9). The modulation of afferent fiber traffic 
may be in peripheral ganglia, the spinal cord, and/or 
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Fig.26 Hypothetical Parasympathetic 
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FIGURE 26 
LEGEND 
Hypothetical mechanism in which critically dis-
crete parasympathetic activation (direct or reflex) in-
duces ventricular reentry tachydysrhythmia. Critical 
timing is required in that the conducted impulses from 
the atria are sufficiently slow so as not to preempt 
the re-entrant impulse. Furthermore, the duration of 
the parasympathetically released acetylcholine (ACh) 
must be sufficient to block the antegrade impulse but 
brief enough fas terminated by the acetylcholinesterase 
(AChE)] so as not to block the re-entrant retrograde im-
pulse. Depressed conduction (by ACh) in nearby pathways 
may or may not be necessary depending upon the length 
and conduction velocity of the re-entrant route. 
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at various levels of the brain (personal communication 
with J.A. Armour}. The efferent pathways of the auto-
nomic reflex are also in the individual sympathetic and 
parasympathetic cardiac nerves. The effects of these 
reflex efferent responses upon the arrhythmia or the 
mechanism underlying the arrhythmia are essentially 
unknown. 
In the experiments reported here in which elec-
trical stimulation of the ventrolateral cardiac nerve 
(VLCN} induced cardiac tachydysrhythmias, blood pres-
sure effects and cardiac receptor alterations caused 
by the dysrhythmia did not alter the induced dysrhyth-
mia. This apparent lack of reflex effect upon the 
tachydysrhythmia is demonstrated by the lack of effect 
of decentralization of the vagus nerves and stellate 
ganglia upon the induced tachydysrhythmia. Further-
more, the presence of the tachydysrhythmias while the 
dogs were on total cardiopulmonary bypass with ex-
ternally maintained systemic blood pressure, negates 
any blood pressure reflex influences upon the induced 
tachydysrhythmia. 
In the neurally induced bradydysrhythmias re-
ported here, blood pressure was again controlled by 
the bypass procedure. The bradydysrhythmias however 
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~ere profoundly influenced by vagal reflexes and there-
fore any reflexes evoked by cardiac receptors cannot and 
should not be discounted. 
The participation of the autonomic nervous system 
in arrhythmias generated by brain stimulation has been 
~ell documented (87, 145). Manning has induced cardiac 
arrhythmias with hypothalamic stimulation and these ar-
rhythmias were attenuated or abolished by vagotomy and 
stellatectomy (143, 144). Furthermore, every medical 
student has demonstrated the brain - heart relation-
ship in the student lab when he elevates the dog's in-
tracranial pressure and induces cardiac dysrhythmias 
(199). Any hospital emergency room can document the 
bigh incidence of cardiac dysrhythmias following cere-
bral vascular accidents or skull injuries. 
The participation of the autonomic nervous sys-
tern in arrhythmias following cardiac infarct has been 
reported and explored by a number of investigators (61, 
77, 205). Surgical removal, catecholamine depletion 
and pharmacological blockade of the sympathetic nervous 
system all decrease the incidence of dysrhythmias fol-
lowing coronary occlusion. 
The VLCN induced tachydysrhythmias reported here 
represent the first animal model for tachydysrhythmias 
1,, 
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in which coronary occlusion or central nervous system I stimulation or noxious chemical [aconitine (167)] are 
not necessary for induction of the cardiac tachydys-
rhythmia. 
Recently, Geesbreght, utilizing unipolar elec-
trograms and His bundle recordings, has documented the 
influence of stellate stimulation upon pacemaker loca-
tion, heart rate, and A-V conduction (54). Goldberg, 
utilizing bipolar electrograms and His bundle record-
ings·, has further defined the discrete effects upon 
cardiac rate and rhythm of stimulation of the decen-
tralized individual cardiac nerves (64). In these two 
studies, the cardiac nerves were stimulated in the 
thorax near their ganglionic site of origin and the in-
cidence of tachydysrhythmias was minimal. Pacemaker 
shifts, heart rate changes, and alterations in A-V 
conduction were induced but the unique tachydysrhyth-
mias reported here were not demonstrated. These dif-
ferences are probably due to the site of stimulation 
of the nerves. When the VLCN is stimulated in the upper 
thorax (Figure 4 and Goldberg's study) various regional 
inotropic effects are induced. Often the cardiac pace-
maker shifts to more caudal areas of the right atrium, 
but it may remain in the S-A node and be accelerated. 
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These varying effects can be interpreted to result from 
activation of the individual branches of the VLCN which 
maY innervate the S-A node as well as more inferior right 
atrial regions (Figure 1). By stimulating the VLCN in 
the pericardium (or at least low in the thorax), few if 
any fibers to the S-A node area activated and the re-
sulting tachydysrhythmias arise from areas inferior to 
the S-A node. 
Because of the proximity of the pericardia! VLCN 
to left atrial and ventricular myocardium, precautions 
were taken and testing was performed to eliminate any 
possibility of current spread from the Porter stimu-
lating electrode to the myocardium. The isolated VLCN 
was always pulled through a pericardia! slit so that 
the electrodes would not touch the heart. If and when 
the electrodes did accidentally touch the heart, ven-
tricular fibrillation always occurred. If the VLCN 
craniad to the electrodes was surgically severed, no 
changes in the induced tachydysrhythmias was noted. 
However, surgical severence of the VLCN caudal to the 
electrode along with tissue reanastomosis [according to 
the Geis denervation technique {55)] always blocked VLCN 
induced tachydysrhythmias. Furthermore, topical injec-
tion of lidocaine anesthetic into the pericardia! VLCN, 
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caudal to the stimulating electrode, always prevented VLCN 
indu.ced tachydysrhythmias. Finally, Gillis (Science, In 
press, 1974) and Urthaler (219) have reproduced the VLCN 
tac~ydysrhythmia. Gillis was able to eliminate the pos-
sibLlity of current spread by emersing his electrodes 
in ~ineral oil while Urthaler induced the tachydysrhyth-
mia by stimulating the low thoracic VLCN, a greater dis-
tan~e from the myocardium than the pericardia! VLCN. 
The mechanism of the tachydysrhythmias is most 
likely establishment of ectopic foci due to changes in 
ionLc permeabilities induced by VLCN stimulation. The 
actLvation patterns of multiple right atrial electro-
grans .are interpreted as patterns caused by a single 
foca.s. Similar activation patterns can be induced by 
ele~trical pacing of the heart from the caudal elec-
tro~es of the right atrium. Re-entry patterns may ap-
pear as sequences, i.e. PIN-MIN-SA-AIN-"a 11 -PIN, that is, 
an Lmpulse arising at a point, conducting along a given 
pat~ and then returning to the starting point by another 
pat~. Induced patterns were generally interpreted to 
reseroble multidirectional i~pulse spread, i.e. PIN-MIN 
and "a" -SA and AIN, that is, an impulse conducting from 
a Pe>int to distal points by multiple pathways and not 
retQrning to the starting point. Furthermore, surgical 
severance of the PIN, MIN, AIN, and A-V node which would 
conceivably eliminate any right atrial macro-re-entry 
routes (106) does not block induced VLCN tachydysrhyth-
mias. Whether a micro-re-entry circuit exists near the 
coronary sinus or A-V node is unknown. If such a micro-
re-entry circuit (that is, a circuit for re-entry which 
involves only a small amount of tissue or even a few 
cells} is responsible for the VLCN tachydysrhythmias, 
its right atrial activation pattern could resemble the 
patterns of an ectopic focus. Because of the continu-
ance of some tachydysrhythmias for minutes after VLCN 
stimulation has ceased, the existence of a re-entry 
mechanism should not be discarded. 
The variation of VLCN tachydysrhythmias which 
were induced indicates the existence of widely sepa~ 
rated individual terminal VLCN innervation in the dogs. 
It could not be predicted whether pericardia! VLCN stim-
ulation would induce an MIN rhythm (Figure 10) or a 
ventricular rhythm (Figure 12) or any other type, i.e. 
PIN, AIN, His, A-V node (Table I). However, if the 
"A-V junctional" area can include His, A-V node, PIN, 
and MIN rhythms, then approximately 70% of the tachy-
dysrhythmias induced in the analysis study (Table I) 
were from this area. This high percentage reflects 
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the general innervation pattern of the VLCN which appar-
ently supplies the overall "A-V junctional" region. 
The influence of VLCN stimulation upon A-V nodal 
conduction appears to be minimal. Moderate tachydys-
rhythmias in which the atrial rate increased 10 to 20% 
were characterized by normal A-H intervals and 1:1 A-V 
conduction. However, with very rapid atrial tachydys~ 
rhythmias A-V nodal conduction was severely impaired and 
often first and second degree heart block occurred. 
This rate effect (45, 160) can be seen in Figure 10 in 
which the prolonged A-H inter.val indicative of first 
degree heart block becomes a 4:3 Wenckebach rhythm, then 
3:2 Wenckebach and finally 2:1 second degree heart block 
when the atrial rate exceeds 400/min. Similarly, the 
rapid post-stimulatory rate in Figure 13 results in 
irregular A-V conduction which worsens with atrial fi-· 
brillation. It is therefore concluded that most if not 
all of the impaired A-V conduction seen with VLCN stim-
ulation results from rapid atrial rhythms (22, 38, 45). 
In addition, atropine blockade of cholinergic musca-
rinic receptors does not abolish the depressed A-V 
conduction seen with VLCN stimulation. 
To date, all pharmacological attempts to block 
VLCN-cardiac junctions have failed. The anatomical 
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origin of the VLCN at the junction of the left anterior 
ansa and caudal cervical ganglion dictates the VLCN be 
defined as a sympathetic nerve (151). However, due to 
the VLCN course parallel to the thoracic vagus and the· 
numerous VLCN-vagus interconnections, it must be defined 
as a mixed nerve. Whether these interconnections in-
volve parasympathetic preganglionic fibers or additional 
sympathetic fibers is not known. Denervation studies, 
now under investigation, indicate that left cervical 
vagus stimulations which induce A-V junctional rhythms 
can be abolished by VLCN dissection. These results 
suggest that the vagal interconnections with the VLCN 
contain predominantly sympathetic fibers. There is 
little possibility that these fibers are afferent 
nerves since Armour has shown that the VLCN is almost 
entirely an efferent pathway (9). 
If the VLCN is anatomically defined as a mixed 
autonomic nerve then the conventional autonomic neuro-
transmitters should be expected to be released at the 
VLCN terminals. The neurotransmitters are norepineph-
rine and acetylcholine which in pharmacological con-
cept interact with various alpha and beta adrenergic 
receptors as well as both muscarinic and nicotinic 
cholinergic receptors (68). The receptors may be 
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10cated on cardiac ganglion cells or on the various pace-
maker, transitional, Purkinje and working myocardial 
cells of the heart. 
Stimulation of individual limbs of the autonomic 
nervous system results in changes in cardiac inotropic, 
chronotropic, and dromotropic mechanisms. These changes 
may be due to direct alterations in ion permeability by 
the directly released neurotransmitters (91) or the 
changes may be via indirect neural interactions. These 
indirect sympathetic-parasympathetic interactions have 
been described by Levy in terms of "accentuated antag-
onism" and "reciprocal excitation" (133}. In "accen-
tuated antagonism vagal fibers exert inhibitory ef-
fects on myocardial and pacemaker celis whereas sympa-
thetic fibers produce fascilatory effects. ACh li-
berated at vagal endings may diminish the quantity of 
NE released at postganglionic terminals and inhibit the 
accelerated rate of cyclic AMP synthesis in myocardial 
cells initiated by NE liberated during sympathetic 
neural activity." This mechanism is not indicated in 
VLCN dysrhythmias since atropine is ineffective in 
blocking the tachydysrhythmias. However, this mechan-
ism may be functional in explaining the regional ino-
tropic effects of thoracic VLCN stimulation (Figure 4), 
) ( I 
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since atropine was not administered before these effects 
were induced. 
According to Levy, false reciprocal excitation 
"can occur as a consequence of the presence of cardiac 
sympathetic fibers in a combined vagosympathetic trunk, 
or as the result of direct cardiostimulatory, as well 
as cardioinhibitory influences of ACh on the cardiac 
cells. The cardiostimulatory effects of ACh may be 
ascribable to an increase in the permeability of the 
cardiac cell membrane to calcium" (133). Again, this 
mechanism is probably not the underlying cause of VLCN 
tachydysrhythmias since the tachydysrhythmias are 
atropine resistant and also resistant to the calcium 
current blocking agents verapamil and apridine 
(Table II). 
With true reciprocal excitation "vagal activity 
can evoke cardiostimulatory responses by releasing NE 
from (1) chromaffin cells, or {2) postganglionic sym-
pathetic nerve terminals in response to the ACh re-
leased during vagal activity. Also, cardiac sympathe-
tic activity can elicit the release of ACh from post-
ganglionic parasympathetic fibers by virtue of the ac-
tion of NEat some presynaptic alpha-receptor" (133). 
Finally, this mechanism also fails to explain VLCN 
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induced tachydysrhythmias since atropine, propranolol, 
and phentolamine all fail to block VLCN tachydysrhyth-
mias (Table II). 
Not wishing to postulate a new receptor and/or 
neurotransmitter, efforts were made to more completely 
concentrate the blocking agents and antiarrhythmic 
agents at the VLCN-cardiac junction. Since most of the 
VLCN induced tachydysrhythrnias were generated near the 
A-V junctional area (Table I) and since this area is 
perfused by the A-V nodal artery (53, 158), the drugs 
were administered via this artery. 
After isolation_of the artery from the distal 
circumflex coronary, ACh perfusion into the artery was 
performed to verify the functional perfusion of the 
A-V node. Unless transient first or second degree 
heart blocks were induced, the perfused artery was not 
considered to perfuse the A-V node (Figure 14). After 
isolation and positive verification of the A-V nodal 
artery, VLCN stimulation still induced a tachydys-
rhythmia identical to control tachydysrhythmia (Figure 
15). This re-induction of the identical tachydysrhyth-
mia indicated that the dissection and isolation of the 
A-V nodal artery from the circumflex coronary did not 
transect or damage the tachydysrhythrnia responsible 
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fibers. 
Perfusion of the A-V nodal artery with blocking 
agents and anti-arrhythmic agents in concentrations far 
in excess of previous investigations which were suffi~ 
cient for blocking purposes (112, 113), still failed to 
prevent the VLCN induced tachydysrhythmias (Figure 15). 
Finally, perfusion of the A-V nodal artery.with anesthe-
tic lidocaine blocked the lower right atrial tachydys-
rhythmia but not all tachydysrhythmias, and a new focal 
tachydysrhythmia arose higher in the (non-perfused) 
right atrium (Figure 15). This ne'i.v tachydysrhythmia ex-
plains two previous observations concerning VLCN in-
duced tachydysrhythmias. First, the VLCN has numerous 
terminal innervations from which a focal tachydysrhyth-
mia; may arise. Which ectopic focus predominates varies 
bet'i.veen animals (Table I) and within one animal, depend-
ing upon which fibers of the VLCN are stimulated (Figure 
9 and Table I). Hence, multiple foci were generated 
from the AIN (Figure 9) dovm to the ventricle {Figure 
12). Submaximal stimulation might activate some fibers 
to one area and when maximal, fibers to another area 
(Table I) • 
The second observation explained by the shifted 
focus in Figure 15 is the mechanism of VLCN induced 
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tachydysrhythmias blockade by lidocaine and procaine 
(Table II). These agents have been shown to exhibit 
anti-arrhythmic activity in vitro {13) but their me-
chanism of action against VLCN tachydysrhythmias ap-
pears related to their anesthetic properties. This is 
further demonstrated by the total prevention of VLCN 
tachydysrhythmias by lidocaine injection into the VLCN. 
Other agents which block neural activity also 
prevent VLCN tachydysrhythmias. Urthaler has abol-
ished VLCN induced His rhythms (similar to Figure 11) 
by injection of tetrodotoxin (TTX) into the AV nodal 
artery (219). Tetrodotoxin blocks neural activity by 
inhibition of membrane sodium channels (119). Failure 
of a new ectopic focus to arise outside of the per-
fused area (as in Figure 15) may be due to Urthaler's 
stimulation of the VLCN in the thorax where only His 
bundle directed fibers were stimulated or due to direct 
stabilizing effects upon cardiac membranes by the re-
circulated TTX (103, 119). 
Failure of lidocaine to block all tachydysrhyth-
mias at all times when given systemically (Table II) 
may be due to insufficient lidocaine concentration at 
all VLCN terminations to achieve full anesthetic ef-
fects. 
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This failure of standard agents which block alpha 
i and beta adrenergic receptors and muscarinic and nico-
J 
' 
tinic cholinergic receptors to prevent VLCN induced tachy-
dysrhythmias indicates that an additional cardiac recep-
tor might be activated by the VLCN. The assumption of a 
I 
l catecholamine or acetylcholine mediated "synapse" has been challenged by the VLCN tachydysrhythmias. Preli-
I minary blockade of the VLCN by reserpine or reserpine 
I and alpha blocker indicated a catecholamine mechanism {Figure 8). However, reserpine in addition to catecho-
lamine depletion also produces widespread cellular damage 
and biochemical alterations (24, 104, 118). A less 
toxic adrenergic depletor is· 6-hydroxydopamine. This 
agent is specific for catecholamine neurons and when 
administered with alpha and beta blocking agents can 
release and deplete all catecholamines in a few hours. 
However, this agent also fails to prevent VLCN induced 
tachydysrhythmias {personal communication, Dr. R.A. 
Gillis). 
It was noted that with strong vagal stimulation 
in a totally reserpinized dog, no vagal escape beats 
were generated. This observation implies that cardiac 
automaticity is catecholamine dependent. Urthaler 
(cl8) obtained similar data in dogs whose S-A node was 
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depressed by an anticholinesterase agent and whose A-V 
node was depressed by a beta blocking drug. In these 
animals "A-V junctional" escape \vas greatly diminished. 
Automaticity was not completely abolished in Urthaler's 
dogs but this may be due to the limited area perfused 
by the A-V nodal artery into which the propranolol was 
administered. 
A final hypothetical explanation for the resis-
tence of VLCN induced tachydysrhythmias to chemical 
blockade is :the rejection of a chemical synapse and 
neurotransmitter mechanism. In place of the neuro-
tran~mitter and "synaptic" junction, is a direct elec-
trical connection of the nerve to the myocardium. Such 
electrical connections are unknown in mammals but have 
been demonstrated in lower animal forms. Definitive 
proof for an electrical "synapse" between the VLCN and 
myocardium will require precise junctional timing mea-
surements which discard conduction time delay due to 
neurochemical diffusion. Additional anatomical evi-
dence for this electrical "synapse" must also be provided. 
In summary, the VLCN induced tachydysrhythmias 
represent the first animal model for the neural indue-
tion of tachydysrhythmias (excepting CNS stimulations). 
That these tachydysrhythmias are resistant to 
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pharmacological prevention implies new mechanism and con-
cepts of autonomic-myocardial transmission. This model 
seems to duplicate the pharmacologic resistent clinical 
arrhythmias which are only effected by stellatectomy 
(162). 
In this ·study, the direct and reflexly induced 
cardiac bradydysrhythmias reveal the diffuse cardiac 
innervation by small individual vagal branches. In gen-
eral, the left thoracic vagal fibers course onto the 
heart in the cardiac branches of the left recurrent 
laryngeal nerve. Stimulation of the vagal fibers and 
the left thoracic vagus distal to the origin of recur-
rent cardiac nerve elicit little or no direct or reflex 
effects on cardiac parameters which were monitored. 
Stimulation of the left thoracic vagus craniad to the 
origin of the recurrent cardiac nerve after the recur-
rent cardiac nerve is severed usually elicits only con-
tralateral reflex effects (bradycardia). These ob-
servations confirm the major vagal route to the heart 
in the left thorax to be the recurrent cardiac nerve 
and its branches. 
In the right thorax, cardiac vagal innervation 
has no single major route but courses in many fibers 
arising from near the right caudal cervical ganglion 
·' 
1~ 
caudally to the azygous vein and superior pulmonary vein. 
These fibers have been generally grouped into cranio and 
caudovagal fibers along with the right recurrent cardiac 
nerve (150-152). 
' 
Previous studies have indicated that the left 
t 
vagus generally innervates the A-V node while the right 
vagus generally innervates the S-A node (28, 70). The 
I results in this study tend to confirm these earlier 
I patterns. These patterns however, are not absolute and on occasion, left recurrent cardiac nerve stimula-
tion would reflexly inhibit the S-A node (Figure 16) 
and directly aepress the S-A node (Figure 17). The 
left recurrent cardiac nerve inhibited A-V nodal con-
duction in all but one experiment (Figures 16 and 17). 
The intensity of A-V nodal depression was determined by 
the individual fiber or branch of the left recurrent 
nerve which was stimulated. First degree heart block 
(Figure 21), second degree heart block (Figure 19), 
and third degree heart block (Figure 18), were all di-
rectly induced by individual stimulations of branches 
of the recurrent cardiac nerve. 
Heart rate effects produced by left recurrent 
cardiac nerve stimulations were variable. Generally, 
bradycardia was induced~ (Figures 16-18), however, 
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slight tachycardia could also be elicited by stimulation 
of branches of the left recurrent nerve (Figures 19-21). 
The mechanism of this tachycardia is unknown but it is 
probably due to false reciprocal excitation, that is, -
~ due to stimulation of sympathetic fibers in the left re-
l current cardiac nerves (133). Propranolol was not ad-ministered in any of these experiments to separate sym-
t pathetic adrenergic from parasympathetic cholinergic 
l effects. Stimulation of the individual right thoracic car-
diac vagal fibers seldom depressed A-V nodal conduction. 
When this A-V conduction depression did occur with right 
vagal nerve stimulation, it could be abolished by cer-
vical vagal sectioning which eliminated the reflex 
l 
1 
routes of its induction. Similarly, the establishment 
of His bundle rhythms with stimulation of right vagal 
nerves was generally reflexly mediated (Figure 24). 
The greatest effects of right vagal nerve stimu-
lation were upon heart rate. These effects were both 
direct and reflexly mediated. The reflex effects upon 
the S-A node were ipsilateral, that is, both afferent 
and efferent pathways were in the right vagus. It must 
be noted that cervical vagus sectioning does not eli-
minate vago-vagal reflexes or even vagosympathetic 
I 
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reflexes which may be mediated in the peripheral ganglia. 
rn this study, these local reflexes, if present, would be 
interpreted as direct efferent innervation effects. 
That these heart rate effects produced by right· 
vagal nerve stimulation were both direct and reflexly 
mediated is illustrated in Figure 22. The direct ef-
ferent bradycardia is severe but not nearly as complete 
as the total asystole evoked with the direct and reflex 
effects. Reproduction of the direct and ipsilateral re-
flexly induced asystole is illustrated in Figure 23. Stim-
ulation of the distal right cervical vagus will activate 
the direct and reflex pathways and reproduce the asystole 
·with right bundle branch escape seen in Figure 22. How-
ever, the development of an asystolic condition in Figure 
23 requires time for generation of three right atrial im-
pulses from non-SA nodal sites. These impulses were con-
ceivably elicited by stimulation of sympathetic fibers 
coursing in the vagus nerve. 
In summary, the vagal nerve innervation of the 
I 
heart by way of small vagal branches has been analyzed 
for both its direct and reflex effects. This study 
along with studies by Geis (56) ~ave permitted the de-
velopment of a customized cardiac parasympathectomy de-
nervation technique (manuscript accepted, 1974). 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
Cardiac tachydysrhythmias were induced in anes-
thetized dogs by electrical stimulation of the ventre-· 
lateral cardiac nerve at the level of the pulmonary 
veins. Electrograms were recorded from myocardial seg-
ments including areas near the S-A node, anterior, mid-
dle, and posterior internodal pathways, the A-V nodal 
region (His bundle electrogram), and the ventricles. 
Stimulation of the VLCN induced a variety of supraven-
tricular and ventricular tachydysrhythmias. These in-
cluded A-V junctional rhythms from the A-V node, pos-
terior and middle internodal pathways, and His bundle. 
Ventricular pacemakers, Mobitz type I (Wenckebach), 
and first and sepond degree heart block were also in-
duced with VLCN stimulation. The tachydysrhythmias 
were interpreted as arising from ectopic foci located 
in the lower right atrium - upper ventricular septal 
area. These neurally induced tachydysrhythmias resemble 
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spontaneous arrhythmias in man, thus suggesting the pas-
sibility that arrhythmias in the human subject may be 
of similar autonomic nervous origin. 
Standard pharmacological blocking agents such as 
intravenous atropine, propranolol, and phentolamine did 
not abolish the induced tachydysrhythmias. Nor did in-
travenous antiarrhythmic agents such as quinidine, dig-
t oxin, or diphenylhydantoin prevent the VLCN induced 
1 
tachydysrhythmias. Selective administration of these 
blocking agents and anti-arrhythmic drugs via the A-V 
nodal artery also failed to prevent the VLCN induced 
tachydysrhythmias. Only local anesthetic agents such 
as lidocaine and procaine were successful in preventing 
these tachydysrhythmias. It is therefore concluded 
that these neurally induced tachydysrhythmias are me-
diated by previously unknown non-adrenergic and non-
cholinergic autonomic mechanisms or direct electrical 
connection between the VLCN and the cardiac tissue. 
Alterations in card~ac pacemaker location, rate 
of discharge, and A-V conduction patterns were induced 
in anesthetized dogs by electrical stimulation of the 
thoracic vagi and their small cardiac branches before 
and after cervical vagotomy. Direct and reflexly in-
duced bradydysrhythmias were analyzed with multiple 
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local cardiac electrograms. Electrical stimulation of the 
left recurrent cardiac ne~ve and its branches induced 
both direct and reflex effects on S-A nodal cycle length, 
while A-V nodal conduction velocity was decreased in 
varying degrees, depending upon the recurrent cardiac 
branch which was stimulated. Stimulation of individual 
right vagal branches induced direct and ipsilateral re-
flex bradycardia, asystole and shifts in atrial pace-
maker location. A-V nodal effects and induced His bun-
dle rhythms. with right vagal nerve stimulation were 
mediated via contralateral vagal reflexes. 
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